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Abstract In a companion article Akkar et al. (Bull Earthq Eng, doi:10.1007/s10518-013-
9461-4, 2013a; Bull Earthq Eng, doi:10.1007/s10518-013-9508-6, 2013b) present a new
ground-motion prediction equation (GMPE) for estimating 5 %-damped horizontal pseudo-
acceleration spectral (PSA) ordinates for shallow active crustal regions in Europe and
the Middle East. This study provides a supplementary viscous damping model to mod-
ify 5%-damped horizontal spectral ordinates of Akkar et al. (Bull Earthq Eng, doi:10.
1007/s10518-013-9461-42013a; Bull Earthq Eng, doi:10.1007/s10518-013-9508-6,2013b)
for damping ratios ranging from 1 to 50%. The paper also presents another damping
model for scaling 5 %-damped vertical spectral ordinates that can be estimated from the
vertical-to-horizontal (V/H) spectral ratio GMPE that is also developed within the con-
text of this study. For consistency in engineering applications, the horizontal and vertical
damping models cover the same damping ratios as noted above. The article concludes
by introducing period-dependent correlation coefficients to compute horizontal and verti-
cal conditional mean spectra (Baker in J Struct Eng 137:322-331, 2011). The applicabil-
ity range of the presented models is the same as of the horizontal GMPE proposed by
Akkar et al. (Bull Earthq Eng, doi:10.1007/s10518-013-9461-4 2013a; Bull Earthq Eng,
doi:10.1007/s10518-013-9508-6, 2013b): as for spectral periods 0.01s < T < 4s as
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well as PGA and PGV for V/H model; and in terms of seismological estimator parame-
ters 4 < My < 8, R < 200km, 150 m/s < Vg39 < 1,200m/s, for reverse, normal and
strike-slip faults. The source-to-site distance measures that can be used in the computations
are epicentral (Repi), hypocentral (Ryyp) and Joyner—-Boore (Rjg) distances. The implemen-
tation of the proposed GMPEs will facilitate site-specific adjustments of the spectral ampli-
tudes predicted from probabilistic seismic hazard assessment in Europe and the Middle East
region. They can also help expressing the site-specific design ground motion in several for-
mats. The consistency of the proposed models together with the Akkar et al. (Bull Earthq Eng,
doi:10.1007/s10518-013-9461-4 2013a; Bull Earthq Eng, doi:10.1007/s10518-013-9508-6,
2013b) GMPE may be advantageous for future modifications in the ground-motion definition
in Eurocode 8 (CEN in Eurocode 8, Design of structures for earthquake resistance—part 1:
general rules, seismic actions and rules for buildings. European Standard NF EN 1998-1,
Brussels, 2004).

Keywords Damping scaling factors - Vertical-to-horizontal spectral amplitudes - Ground
motion prediction equations for pan-European region - Conditional mean spectrum

1 Introduction

Base isolated structures, tall buildings and buildings with supplementary damping devices
as well as the simplified equivalent linear procedures that mimic the nonlinear response of
structures require scaling of commonly provided 5 %-damped response spectrum to different
damping levels. In addition, the vertical seismic hazard becomes crucial especially for short-
period critical structural facilities (e.g., nuclear power plants and dams) that are prone to
structural damage upon the exceedance of a certain level of vertical displacement (Campbell
and Bozorgnia 2003; Giilerce and Abrahamson 2011; Bommer et al. 2011). The vertical
ground motions have also been identified as important for the design of lifeline systems
and ordinary short-period structures in the vicinity of the fault (Elnashai and Papazoglu
1997; Kunnath et al. 2008; Giilerce and Abrahamson 2011). Thus, proper predictive models
for describing vertical ground-motion demands and elastic spectral ordinates at different
damping levels are always needed in the engineering community.

A detailed review on viscous damping scaling models for estimating spectral ordinates
other than 5 % of critical is given in Rezaeian et al. (2012) and ATC (2010).! Currently, modern
seismic design codes and guidelines suggest multiplicative factors to scale the 5 %-damped
elastic spectral ordinates into ordinates for other damping ratios by period-independent tab-
ulated values (e.g., NEHRP 2009)! or simple period-dependent expressions (e.g., Eurocode
8; CEN 2004). These simplified factors or expressions aggregate the likely influence of
seismological parameters from a broad perspective. Consequently, their implementation to
site-specific (or project-specific) probabilistic seismic hazard assessment (PSHA) may not
always describe the accurate period-dependent variation of spectral ordinates for different
damping levels.

The evolutionary progress in vertical design spectrum is summarized by Bommer et al.
(2011) and Bozorgnia and Campbell (2004). Although it was common to use the ratio of 2/3
between vertical and horizontal design spectra in the past codes [based on the findings of New-
mark and Hall (1982)], the recent seismic codes (e.g., NEHRP and Eurocode 8) acknowledge
the period-dependent differences in the spectral shapes of horizontal and vertical design spec-

L ATC is Applied Technology Council and NEHRP is National Earthquake Hazards Reduction Program.
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tra because the frequency content, magnitude- and distance-dependent scaling of horizontal
and vertical ground motions differ. The aforementioned codes define simplified vertical-to-
horizontal (V/H) spectral ratios that are conditioned on PGA (Eurocode 8) and PSA at T
= 0.2s (NEHRP). Though conceptually different, the period-dependent V/H spectral ratios
defined by these codes consider magnitude and source-to-site distance effects on vertical
design spectrum. The NEHRP provisions also consider the influence of site class on the V/H
ratios whereas differences in site class are assumed to be insignificant in Eurocode 8. For
practical reasons, the above described generic V/H ratios can be of use for defining vertical
code-based spectrum. However, such oversimplified expressions are not appropriate for site-
specific probabilistic hazard studies. PSHA requires consistent and compatible earthquake
scenarios for horizontal and vertical ground motions that are determined through scenario
spectrum (computed from deaggregation of hazard at a specific period) or conditional mean
spectrum, CMS (Baker 2011). [The reader is referred to Giilerce and Abrahamson (2011) for
extended discussions on the implementation of V/H GMPEs to scenario spectrum and CMS].
This point is even more important if vertical and horizontal acceleration time series have to
be selected and scaled for the target hazard levels. For such cases, empirical V/H spectral
ratio models are required for a proper mapping of source, path and site effects on to V/H
ratios. Moreover, such complete V/H GMPEs would be beneficial for further improvements
in code-based generic V/H spectral ratio expressions.

This paper describes a set of ground-motion predictive models for scaling 5 %-damped
horizontal and vertical spectral ordinates for viscous damping ratios varying between 1 and
50 %. The chosen damping range can sufficiently address the needs of most seismic design and
performance assessment projects. The paper also describes a model for predicting the ratios
of vertical-to-horizontal 5 %-damped PSA ordinates. These predictive models are derived
from the ground-motion database used by Akkar et al. (2013a,b) that developed a GMPE
for horizontal PSA for its use in the seismic hazard assessment of shallow active crustal
regions in Europe and the Middle East. Having been developed from the same pan-European
ground-motion database with the same spectral period interval and capable of addressing
different distance metrics, the predictive models presented in this paper are the first fully
compatible GMPEs for producing consistent scenario-based horizontal and vertical design
spectra at different damping levels that can be of use in many engineering applications in the
broader Europe region. The applicability range of the proposed models in this paper is similar
to the horizontal Akkar et al. (2013a,b) GMPE. This property can be useful in future studies
to update the definitions of horizontal and vertical ground-motion demands in Eurocode 8
(CEN 2004). The paper also introduces the epsilon-based correlation coefficients that are used
for developing horizontal and vertical conditional mean spectra (CMS); a concept proposed
by Baker (2011) that accounts for the period-dependent variability of ground motion for
scenario spectrum. The proposed models, together with the horizontal Akkar et al. (2013a,b)
GMPE can also be used in vector-valued PSHA (Bazzurro and Cornell 2002) in Europe and
surrounding regions.

2 Strong-motion database

The strong-motion accelerograms used in this study are selected from RESORCE (Akkar et
al. 2013c). RESORCE is developed for the Selsmic Ground Motion Assessment (SIGMA;
http://projet-sigma.com/index.html) project and it is the updated and extended version of
the pan-European databases compiled under the Seismic Hazard HARmonization in Europe
(SHARE) project (Yenier et al. 2010). The database consists of 1,041 accelerograms recorded
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from 221 shallow active crustal earthquakes. The epicentral locations of most of these events
cover the Mediterranean region and the Middle East. The moment magnitudes (My,) of
recordings range between 4 and 7.6 and their source-to-site distances (Rjp; closest distance
between the vertical projection of ruptured fault and site) are up to 200 km. The strong-motion
records in the database have the complete information on epicentral (Rep;i) and hypocentral
(Rpyp) distances as well. The site conditions of all accelerograms are identified by measured
V30 (time based average shear-wave velocity of the upper 30 m soil layer). The Vg3( interval
of the database is between 92 and 2,165 m/s. The database consists of normal, reverse and
strike-slip earthquakes of focal depths less than 30 km. Only three-component accelerograms
recorded at free-field stations are used. Singly recorded events are removed from the database.
The reader is referred to Akkar et al. (2013a,b) for the overall and specific features of the
strong-motion database as it is common for both studies.

The horizontal and vertical PSA at 16 different damping levels (i.e., 1,2, 3,4, 5,6, 7, 8,
9, 10, 15, 20, 25, 30, 40 and 50 %) are computed from the compiled strong-motion database
to develop the GMPEs for damping scaling and V/H spectral ratios. The dense damping
distribution towards lower damping levels is a modeling requirement for a better fit on the
observed data. The geometric means of horizontal PGA, PGV and 62 spectral ordinates
(0.01s < T < 4.05s) represent the horizontal ground-motion demands in the proposed
GMPE:s. The selected spectral periods are the same as those used in Akkar et al. (2013a,b).
This way full compatibility is provided between the models developed here and the GMPE
for the horizontal PSA presented in Akkar et al. (2013a,b). The usable spectral period band
of each accelerogram is computed by using the criteria set in Akkar and Bommer (2006).

3 Predictive equations for damping scaling factors

Bommer and Mendis (2005), Lin et al. (2005) and Rezaeian et al. (2012) give a detailed
literature review on the predictive models for damping scaling factor (DSF). As shown in Eq.
(1), DSF is the normalized PSA of different damping levels (8) with PSA at 5 % damping.
DSF — PSA at % damp%ng
PSA at 5% damping

ey

Most of the previous DSF models are either built on B (e.g., Ashour 1987; Tolis and Faccioli
1999; Priestly 2003; NEHRP) or § together with spectral period, T, (e.g., Newmark and Hall
1982; Wu and Hanson 1989; Idriss 1993; Naeim and Kircher 2001; Ramirez et al. 2000,
2002; Lin and Chang 2003; Atkinson and Pierre 2004; Malhotra 2006; Eurocode 8). Few
models discussed the effects of other independent parameters on DSF. Stafford et al. (2008)
emphasized the significance of duration whereas Abrahamson and Silva (1996) included My,
as an additional predictor variable in their model. Lin and Chang (2004) and Hatzigeorgiou
(2010) indicated the role of site class on DSF and considered this parameter in their functional
forms. Cameron and Green (2007) modeled the influence of tectonic regime in their damping
scaling relationship together with other important estimator parameters such as My, site
class and source-to-site distance. The most recent study conducted by Rezaeian et al. (2012)
showed that magnitude, source-to-site distance and spectral period are sufficient for unbiased
DSF estimates.

In this study, the natural logarithm of DSF is regressed against My,, Rjg, SoF (style-
of-faulting) and Vg3q for each damping level and period. Other estimator parameters (e.g.,
duration) are not included to keep the model as simple as possible for lesser complexity
in hazard studies. The Akkar et al. (2013a,b) functional form is chosen as the backbone
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expression for the DSF model. The magnitude scaling in Akkar et al. (2013a,b) is quadratic
with a break in the linear term whereas a magnitude-dependent geometrical spreading is
considered to account for path effects. The site term in Akkar et al. (2013a,b) is composed
of linear and nonlinear terms for a realistic modeling of soil behavior. Akkar et al. (2013a,b)
address the SoF effects on ground-motion amplitudes by dummy variables for normal and
reverse events over strike-slip earthquakes. The preliminary regression results showed that the
bilinear magnitude scaling function or consideration of higher order magnitude terms in the
backbone functional form do not increase the accuracy of DSF estimates. The magnitude-
dependent slope term in geometrical spreading also did not play an efficient role on the
distance scaling of median DSF trends. None of these complicated functions in magnitude
and distance scaling decreased the standard deviation (aleatory variability) of the model. The
style-of-faulting effect is also disregarded in the final model as DSF is insensitive to different
faulting mechanisms. The averages of residual distributions for each SoF are almost zero
that also justifies the decision to disregard the SoF terms in the final DSF model. It should
be noted that the non-uniform SoF distribution in the strong-motion database may mask the
actual effect of this parameter on DSF. Thus, overlooking the SoF effect in the DSF predictive
model can increase the epistemic uncertainty in our DSF estimates. The fictitious depth term
in distance scaling is also kept constant for all spectral periods to have a smooth variation
in the spectral shape. Consideration of fictitious depth as a period-dependent parameter did
not change the model estimates, which advocates its marginal effect on DSF estimates. The
nonlinear site amplification term is dropped after the first round of regression analyses as the
variation of DSF is independent of nonlinear soil behavior. Thus, the modification of DSF
amplitudes due to different soil conditions is described by the linear site term. The linear site
term is constrained to a constant value for Vg3g > 1,000m/s. The Vg3 for reference rock
condition is defined as Vrgr = 750 m/s in the site term. The final functional form of the DSF
ground-motion model is given in Eq. (2).

in(Vsso, 1, 000
In(DSF) = ¢| 4+ c2(My, — 6.75) + ¢3In (,/R%B + cg) +euln [M] )

VREF

In the above expression, c¢; (i = 1-4) denotes period-dependent regression coefficients com-
puted by mixed-effects regression procedure (Abrahamson and Youngs 1992). They are
smoothed by moving average technique to prevent jagged DSF trends. The regression coef-
ficient cs is the fictitious depth term and it is taken as constant (cs = 5) for the entire period
range for horizontal and vertical DSF models. The previous models for DSF (e.g., Trifunac
and Lee 1989; Boore et al. 1993; Bommer et al. 1998; Berge-Thierry et al. 2003; Faccioli et
al. 2004; Akkar and Bommer 2007) provide different sets of regression coefficients for each
damping level. This approach is not followed in this study. Each regression coefficient c; (i
= 1-4) is represented by a quadratic function in terms of natural logarithm of B (in percent)
as given in Eq. (3).

¢i = biy + b In(B /5) + b3 [In(B /5)1 3)

The primary aim of this approach is to increase the applicability of the model. Newmark and
Hall (1982) are the first proponents of such polynomial functions. In their paper, Newmark
and Hall (1982) proposed a linear function. We tried polynomial functions of different orders.
The observations from these trials indicated that the quadratic function (Eq. 3) is sufficient to
explain the data trend. Rezaeian et al. (2012) also use a quadratic expression in their damping
model. Figure 1 compares the performance of Eq. (3) with the discrete DSF estimates that
are directly obtained from regressions on Eq. (2). The comparisons are done for different
damping levels and for a strike-slip earthquake scenario of My, 7.5. The rock site (Vg3 =
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Fig. 1 Discrete damping scaling factors obtained from direct regressions on Eq. (2) for each damping level
and their comparisons with those computed from Eq. (3) that describes each regression coefficient in Eq. (2)
as a quadratic function

750 m/s) is located at a distance of Ryg = 10 km from the causative fault. The left and right
panels show the comparisons for horizontal and vertical spectral components, respectively.
The patterns between the comparative plots overlap with each other that certify the success of
Eq. (3) in representing the regression coefficients ¢; (i = 1 —4) to estimate DSFs for different
damping values. The rational functional form of Bommer et al. (1998) thatis used in Eurocode
8 was also evaluated as an alternative to Eq. (3) while developing the proposed DSF model.
However, it was discarded in the later stages of the study because the resultant DSF estimates
were unrealistic. Table 1 presents the horizontal spectral ordinate DSF regression coefficients
bjj for each c; for a set of selected spectral periods. The index i varies from 1 to 4 whereas j
takes values between 1 and 3. In a similar way, Table 2 lists the same regression coefficients
for the DSF model of vertical spectral ordinates.

The within-event (¢) and between-event (t) standard deviations are computed by using
quadratic expressions that are given in Eq. (4). The total standard deviation (o) is the square
root of the sum of the squares of within-event and between-event standard deviation terms.
The regression coefficients of within- and between-event standard deviations for horizontal
and vertical DSF models are given in Tables 3 and 4, respectively for the periods listed in
Tables 1 and 2. The model regression coefficients for the full list of spectral ordinates are
available in the electronic supplement to this article.

¢ = b1 + b2 In(B /5) + be3 [In(B /5)1? (4a)
T = by + b In(B /5) + by3 [In(B /51 (4b)

o =V¢? +12 (4c)

Figure 2 shows the magnitude, distance and Vg30 dependent variations of the proposed
DSF model for horizontal (left column) and vertical (right column) PSA ordinates at T= 0.1
s. The effect of damping is prominent at short spectral periods, which is the main reason for
choosing T =0.1s in this illustrative case. The effect of magnitude scaling on DSF is presented
on the 1st row for a stiff site (Vs3g = 525 m/s) located at a distance of Ryg = 15 km from
the causative fault. The magnitude influence is more visible on horizontal ground motions
when P attains larger values. The variations in DSF for vertical spectral ordinates are less
sensitive to magnitude. However, as in the case of horizontal DSF model, magnitude effect
starts contributing to vertical DSF variations for heavily damped structural systems (i.e.,
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Table 3 Standard deviation regression coefficients of the DSF model for horizontal spectral ordinates

Period (s) be1 be2 be3 b71 b7z b73

0.01 0.005265 0.000924 0.005494 0.003564 —0.00135 0.002088
0.02 0.014935 —0.00456 0.013462 0.005076 —0.00226 0.003633
0.03 0.035034 —0.00757 0.028221 0.008231 —0.00048 0.009057
0.04 0.052255 —0.00348 0.039481 0.015437 —0.00198 0.01255
0.05 0.058578 —0.00406 0.044772 0.010115 0.000274 0.013369
0.075 0.068836 0.000203 0.050315 0.011068 0.005923 0.016025
0.10 0.065102 0.001334 0.050329 0.015893 0.000911 0.018006
0.15 0.062401 0.004246 0.049681 0.00669 0.004142 0.011661
0.20 0.064469 0.004089 0.046537 0.006733 0.004407 0.011793
0.30 0.061431 0.004647 0.045281 0.008272 0.000026 0.012741
0.40 0.062847 0.005084 0.044374 0.005145 0.000695 0.013102
0.50 0.058855 0.002856 0.044091 0.012835 0.002618 0.016743
0.75 0.064181 0.006075 0.044561 0.008911 —0.00132 0.013721
1.00 0.063034 0.005479 0.045448 0.016261 0.001629 0.015567
1.50 0.06232 0.002838 0.04653 0.012108 0.009527 0.017909
2.00 0.058796 0.008895 0.046878 0.008415 0.004801 0.01597
3.00 0.052093 0.011071 0.042998 0.01788 0.006693 0.022389
4.00 0.047785 0.014943 0.041903 0.0197 0.015215 0.021287

Table 4 Standard deviation regression coefficients of the DSF model for vertical spectral ordinates

Period (s) be1 be2 be3 b71 b7 b73

0.01 0.002946 —0.0008 0.002973 0.001733 —0.00104 0.001661
0.02 0.009187 —0.00222 0.008102 0.002404 —0.00088 0.002426
0.03 0.017113 —0.0047 0.016379 0.005133 —0.00051 0.00511
0.04 0.025923 —0.00359 0.022437 0.011986 —0.00225 0.010168
0.05 0.034072 —0.0022 0.029385 0.013388 0.002185 0.013223
0.075 0.049981 0.000757 0.041528 0.015192 0.003326 0.018309
0.10 0.049716 0.002192 0.042586 0.018613 0.008826 0.020338
0.15 0.051899 0.007075 0.047045 0.013493 0.007444 0.015328
0.20 0.04933 0.00793 0.043589 0.009903 0.01014 0.012507
0.30 0.048411 0.005822 0.040023 0.000065 0.000723 0.012317
0.40 0.047006 0.008451 0.038979 0.006417 0.001097 0.012472
0.50 0.046804 0.005188 0.037081 0.00964 0.001451 0.011667
0.75 0.046953 0.007885 0.038768 0.012584 0.001159 0.015274
1.00 0.049176 0.006004 0.040136 0.00439 0.006055 0.012511
1.50 0.047777 0.009043 0.042481 0.013316 0.006169 0.016945
2.00 0.046394 0.011464 0.040939 0.01072 0.006785 0.015758
3.00 0.043665 0.010874 0.038291 0.014682 0.013664 0.020779
4.00 0.040025 0.014647 0.036967 0.017957 0.015872 0.02218
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Fig. 2 Magnitude (first row), distance (second row) and Vg3 (third row) dependent variation of horizontal
(left panel) and vertical (right panel) DSF at T = 0.1s

B > 20 %). Distance-dependent scaling of DSF is plotted in the 2nd row on Figure 2 for My,
6 and Vg30 = 525 m/s. The effect of distance on DSF seems to be more apparent than the
influence of magnitude. The decay due to geometrical spreading of DSF is faster at very low
(B < 3%) and high (B > 15 %) damping ratios. The 3rd row plots on Figure 2 shows the
Vs30 scaling of DSF for a scenario event of My, 6 and Rjg = 15 km. The damping scaling of
horizontal ground motions grows with increasing Vg3 up to 1,000 m/s and becomes stable
after Vg3o = 1,000 m/s (imposed by the site model). This trend is more visible at lower and
higher damping ratios. As in the case of magnitude, the damping scaling of vertical spectrum
becomes sensitive to the changes in Vg3p when f attains larger values (i.e., B > 20 %).
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Figure 3 compares the horizontal (top row) and vertical (bottom row) DSF models with
those of Rezaeian et al. (2012) and Eurocode 8 (CEN 2004). The Rezaeian et al. (2012)
model is abbreviated as Retal12 on the plots. The comparisons are made for two different
magnitudes: My, 4.5 (left column) and My, 7.5 (right column) that resemble low seismicity
(Type II) and high seismicity (Type I) regions, respectively according to Eurocode 8. The
fictitious site is selected as a generic rock site with Vg3p = 800 m/s. Itis located at a distance of
Ry = 10km from a 90 degrees dipping strike-slip fault. The top of the ruptured fault segment
is assumed to be 5 km below the surface for both cases. Under this simple source geometry the
corresponding rupture distance (Ryyp; the distance measure used in the Retal12) is computed
as 11.2 km. The comparative plots indicate that DSF estimates of this study and Retal12 agree
with each other fairly well. There are differences in the DSF values of Eurocode 8 and the
other two GMPEs. The Eurocode 8 damping scaling is sensitive to period variation only in the
very short spectral period range. The other two DSF models consider the period influence on
damping for the entire period band. This conceptual difference between Eurocode 8 and the
other two DSF models show itself particularly in low seismicity regions (mimicked by My,
4.5), towards longer periods (T > 1.0 s) and when f attains large values. For short-period
spectral regions, the two DSF models tend to estimate larger spectral ordinates with respect
to Eurocode 8. The less conservative short-period Eurocode 8 damping scaling is prominent
in vertical spectral ordinates and at large damping values. These discussions advocate the
reconsideration of damping scaling in the future modifications of Eurocode 8 ground-motion
definition.

The last figure (Fig. 4) in this section shows the significance of aleatory variability in
DSF estimates. The left and right panels in Fig. 4 depict median and + sigma horizontal and
vertical DSF estimates of the proposed model for § = 1 and 10 %. The chosen scenario event
has a moment magnitude of My, 7.0; however, it is noted that our sigma is independent of
magnitude. The site resembles stiff soil conditions (Vg3g = 400 m/s) and it is located Rjp =
10 km from a strike-slip fault. The comparative plots indicate that the aleatory variability is
more significant in vertical DSF amplitudes.

4 Vertical-to-horizontal (V/H) spectral amplitude predictive model

The vertical-to-horizontal PSA GMPE presented in this section differs from the recently
proposed vertical ground-motion models in Europe.? The proposed model is capable of
estimating V/H ratios for all site conditions that makes it different from the V/H models of
Edwards et al. (2011) and Poggi et al. (2012) that are valid for rock and soft sites, respectively.
Although the empirical V/H model proposed in this study as well as the one proposed by
Bommeretal. (2011) are based on European datasets, the GMPE of this study is developed on
amore comprehensive and recently revised pan-European ground-motion database (Akkar et
al. 2013c). The other major difference between the V/H model of this study and Bommer et al.
(2011) is the site response function. The site term of our model is a continuous function of Vg3o
and considers soil nonlinearity whereas Bommer et al. (2011) use a set of dummy parameters
to account for the site effects. Besides, the proposed V/H model is fully compatible with
the pan-European 5 %-damped horizontal PSA GMPE of Akkar et al. (2013a,b) because the
database, thus all metadata and record processing, is common in both models. This property
makes our model more useful in probabilistic seismic hazard assessment of broader Europe

2 This paper only discusses the most recent vertical ground-motion models in Europe. The reader is referred to
Bommer et al. (2011) for a detailed literature review on the entire progress of pan-European vertical GMPEs.
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Fig. 4 Effect of aleatory variability on horizontal and vertical DSF models proposed in this study

region for computing consistent horizontal and vertical pseudo-acceleration spectral ordinates
for scenario-specific engineering studies. The presented V/H GMPE is also different from the
model proposed by Ambraseys et al. (2005) as the latter developed an independent GMPE
for the estimation of vertical spectral ordinates. The approach in Ambraseys et al. (2005)
may produce vertical and horizontal spectral accelerations that are controlled by different
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earthquake scenarios. As discussed briefly in introduction, different controlling earthquake
scenarios for horizontal and vertical ground motions may cause practical difficulties in seismic
design and performance assessment procedures that utilize compatible horizontal and vertical
spectral demands. This shortcoming is prevailed by using V/H models as suggested in this
paper. The particular features of the proposed V/H GMPE are described in the following
paragraphs.

The proposed V/H model (Eq. 5) uses a functional form similar to that of Akkar et al.
(2013a,b) horizontal GMPE for producing compatible vertical PSA as emphasized throughout
the text. The magnitude scaling consists of a quadratic magnitude term as well as a hinging
magnitude (c;)—this is different than the coefficient defined in the DSF models—to account
for magnitude saturation effects. The model considers magnitude dependency in geometrical
spreading and describes the soil effects with a nonlinear site function that is based on Vgs3q
and PGA at the reference rock site (VrRgr = 750 m/s). The effect of faulting mechanism on
V/H is addressed by dummy variables Fy and Fr that are unity for normal and reverse faults,
respectively, and zero otherwise.

ay + & (My — c1) + a3(8.5 — My)? + [as + as(Mw — ¢1)]
In (,/R%B +a§) +agFy +agFg +1In(S)  for My, < ¢
In(V/H) = S5a
(V/H) ar +a7(My — ¢1) +a3(8.5 — My)? + [as + as(Mw — ¢1)] (5a)
In (,/R%B +a§) +agFy +aoFg +1In(S)  for My, > c;
ajo ln( Vs30 ) —ay
VREF
V n
PGARgr + C(VS3O )
In(S) = In Ii/EF m for Vs3o < VgreF (Sb)
(PGARgF + ©) ( 50 )
VREF
in(Vg3p, 1000
ajpln [M] for Vszo > VREF
VREF
for My < ¢ 1.85329 + 0.0029(M,, — ¢1) — 0.02807(8.5 — My,)?
+[—1.23452+0.2529(MW—cl)]ln(‘/R%B+7.52) —0.1091 Fy 4+0.0937 Fg
1H(PGAREF) = (SC)

for My, > c1 1.85329—0.5096(M,, —c1) — 0.02807(8.5 — M,,)?

+[~1.23452+0.2529(My —cl)]ln(, / R%B +7.52) —0.1091 Fy +0.0937 Fg

The regression coefficients aj to ajg are computed from mixed-effects regression algorithm
of Abrahamson and Youngs (1992). The magnitude and source-to-site distance measures are
moment magnitude (My,) and Joyner—Boore distance (Ryp) that are now almost standard in
most of the predictive models in Europe. The hinging magnitude c; is taken as 6.75 as in
the case of Akkar et al. (2013a,b) horizontal GMPE after making several observations on
the empirical data trend. The fictitious depth and the coefficients of linear magnitude terms
(a and a7) are held fixed for the entire period range for a smooth spectral shape. The site
amplification function, designated by In(S) in Eq. 5b, includes both linear and nonlinear
soil amplification. The nonlinearity is considered by the reference horizontal peak ground
acceleration (PGARgr) thatis computed for Vg3g = 750 m/s (see Eq. 5¢). The unit of PGARgr
is in terms of gravitational acceleration, g. The Vs3g value of 750 m/s defines reference rock
conditions in the V/H nonlinear site model, which is also the case in the nonlinear site
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function of Akkar et al. (2013a,b) horizontal GMPE. The regression coefficients ¢, n, and aj;
are adopted from the Sandikkaya et al. (2013) site model.

5 Evaluation of proposed VVH GMPE with emphasis on nonlinear soil behavior

The nonlinear site behavior in the V/H model deserves some more discussion. The soil ampli-
fication of V/H inherently depends on the site behavior of vertical and horizontal acceleration
components and it has yet to be better understood. In horizontal ground motions, the site-
dependent amplification is represented by linear and nonlinear site terms. The latter term
dominates at high ground-motion intensity levels and when Vg3¢ attains low values (Choi
and Stewart 2005; Walling et al. 2008; Sandikkaya et al. 2013). On the other hand, there is no
clear evidence on the nonlinear site behavior of vertical ground motions. To our knowledge,
the significance of nonlinearity in vertical ground motions has never been studied in detail
from a GMPE perspective. Almost all independent vertical ground-motion GMPEs (e.g.,
Campbell and Bozorgnia 2003; Ambraseys et al. 2005; Cauzzi and Faccioli 2008) consider
linear site behavior. Of the recently developed V/H GMPEs, Giilerce and Abrahamson (2011)
account for nonlinear soil behavior whereas Bommer et al. (2011) disregard nonlinear site
effects in V/H estimates.

From a theoretical view point, modeling nonlinear site effect for horizontal and vertical
ground motions is always possible provided that the strong-motion metadata contains suffi-
cient and reliable information on the modeling parameters. Observations on the empirical data
trend as well as the significance of nonlinear term after regressions would define their poten-
tial impact in vertical and horizontal ground-motion estimates. The common assumption of
log-normal distribution in horizontal and vertical ground motions imposes the same proba-
bility distribution for their ratio, which constitutes the basis of our logarithmic V/H model as
given in Eq. (5a). Since site effects of horizontal and vertical ground motions are additive in
the logarithmic V/H model, the contributions of linear and nonlinear site terms would con-
trol the overall V/H behavior and this should be mapped on to the estimated vertical ground
motions.

The above discussion is visually illustrated by Figs. 5 and 6 that show the median esti-
mates of vertical PGA and PSA at T = 0.05, 0.1 and 0.2s. The vertical ground motions
significantly affect the amplitudes of these high-frequency spectral ordinates as discussed
in the previously cited references. The figures compare the median vertical ground-motion
estimates of three alternative predictive models. The first predictive model is the one pro-
posed in this study (designated as “Nonlinear V/H” on the figures). The second model con-
strains aj; to zero to disregard nonlinear site effects in Eq. (5b) and it is called as “Lin-
ear V/H” in Figs. 5 and 6. The last GMPE directly estimates the vertical spectral ordi-
nates and it is defined as “Independent Vertical” on the plots. All three models are derived
from the database used in this study. The third GMPE (independent vertical) disregards
nonlinear site effects as neither the regression analysis nor the empirical data trends sup-
ported the effects of nonlinear soil behavior on vertical ground motions. Figure 5 shows
the distance-dependent variation of median vertical ground-motion estimates from these
alternative GMPEs for a generic rock site (Vszp = 750m/s) for My, 7.5 and My, 5.5.
The style-of-faulting is chosen as strike-slip for the scenario earthquakes. Figure 6 dis-
plays the same plots for a soft site represented by Vgip = 250m/s. The median hori-
zontal spectral ordinates of the Akkar et al. (2013a,b) GMPE are modified by the linear
and nonlinear V/H models to obtain the corresponding median vertical ground-motion esti-
mates.
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Fig. 5 Median V/H estimates computed from linear and nonlinear V/H models as well as an independent
vertical ground-motion GMPE. The chosen site represents generic rock conditions (Vg3g = 750 m/s). The
comparisons are done for My, 7.5 (solid lines) and My, 5.5 (dashed lines) earthquakes generated by a strike-slip
fault

The comparative plots in Fig. 5 indicate that all three GMPEs yield very similar
vertical ground motions regardless of the variations in magnitude. The vertical ground-
motion estimates from linear V/H model are slightly smaller with respect to the pre-
dictions of the other two GMPEs in many cases. The plots in Fig. 6 depict very simi-
lar vertical ground-motion estimates for nonlinear V/H and independent vertical GMPE:s.
The median plots almost overlap with each other for these models. The observed differ-
ences in linear V/H become more visible in Fig. 6. The observations from Figs. 5 and
6 suggest that the nonlinear site effects are not prominent in vertical ground motions
regardless of the variations in magnitude and distance. Thus, independent vertical GMPEs
may overlook nonlinear soil behavior. However, consideration of soil nonlinearity in V/H
models provides a control over the nonlinear soil effects of horizontal ground motions.
This approach results in mimicking the genuine variations in the vertical ground-motion
demands when V/H ratios are implemented together with the horizontal GMPEs. Under
the light of these discussions and because we prefer providing a V/H model instead of
an independent vertical GMPE for consistency between horizontal and vertical earthquake
scenarios, the site amplification function given in Eq. (5b) considers the nonlinear soil
behavior.

The proposed model is also evaluated in terms of classical residual analysis. Figure 7 shows
the within-event and between-event residuals for T = 0.2 s. The within-event residuals (left
panel) are plotted in terms of Vg39 whereas between-event residuals (right panel) are plotted
for moment magnitude, M,,. The plots also show the average residuals for a set of pre-
determined Vs3g and M, intervals. The V30 intervals have a uniform spacing of 180 m/s for
Vs30 < 900 m/s. A single average of between-event residuals is computed for Vgzg > 900
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Fig. 6 Median V/H estimates computed from linear and nonlinear V/H models as well as an independent
vertical ground-motion GMPE. The chosen site represents generic rock conditions (Vs3g = 250 m/s). The
comparisons are done for My, 7.5 (solid lines) and My, 5.5 (dashed lines) earthquakes generated by a strike-slip
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Fig. 7 Between- and within-event residual distributions for the V/H GMPE at T = 0.2s. The between-event
residuals are plotted in terms of My whereas within-event residuals are given as a function of Vg3

m/s as the data are sparse after this Vg3o value. The My, intervals are incremented by 0.5 units
between 4 < M,, < 7. The between-event residuals are also represented by a single average
after M, 7.0 due to sparse data distribution. The residuals are randomly distributed over the
magnitude and Vs3g range considered in this study. Their averages for the pre-determined
intervals fluctuate about zero. These observations suggest unbiased estimates of the proposed
V/H GMPE. The random distribution of within-event residuals can be interpreted as the
satisfactory performance of the preferred nonlinear site model. We produced similar residual
plots for other spectral periods and the trends discussed for T = 0.2 s are also valid for these
figures. We did not show them in the paper for space considerations.

@ Springer



Bull Earthquake Eng (2014) 12:517-547 533

M, 5, Rz = 15 km, Vg,, = 400 m/s M,, 7.5, Ry = 15 km, Vg, = 400 m/s
14+ T 1.4 1 median+sigmg,
12 median+sigma T 12 1 / \
1.0 ¥ e o107 /Mmedian\ +
| \ IS e —
§ 0'8\ /-/median\ o — O.B\J \._'J/

061~ ~— + 06 — 4
04 — T 0N~ _ -~ N\ 4
0.2 f median-sigma - 1 021 median-sigma I
0.0 f f 0.0 T T

0.01 0.1 1 0.01 0.1 1

Period (s) Period (s)

Fig. 8 Effect of aleatory variability in the proposed V/H GMPE

Figure 8 shows the influence of aleatory variability on V/H estimates of the proposed
model. The plots in Fig. 8 are prepared for earthquake scenarios of My, 5 (left panel) and
M, 7.5 (right panel). The chosen Vg3 value assumes stiff site conditions (Vg3g = 400 m/s).
The fictitious site is at a distance of Rjgp = 15 km from strike-slip fault. The median + sigma
curves indicate that the variations in vertical ground-motion amplitudes can be significant
due to aleatory variability. This variation should be considered seriously in vector-valued
probabilistic hazard studies. Table 5 lists the regression coefficients of the V/H GMPE for the
same periods as of horizontal and vertical DSF models. The full list of regression coefficients
for the entire spectral periods are given in the electronic supplementary to this article.

6 Details of the proposed V/H GMPE and its comparisons with the previous
pan-European model

The proposed V/H model is studied further to have better insight about its behavior. Figure 9
shows the median V/H estimates for T = 0.1s under the variation of fundamental estimator
parameters (i.e., My, Ryp and Vg30). However, the discussions made here generally hold for
the entire period range considered in this study. Figure 9a displays the magnitude-dependent
V/H variation for different Ryg values. The assumed site condition is rock (Vg3g = 750 m/s)
and the chosen SoF is strike-slip in this case. The median V/H curves indicate that for
magnitudes up to M, 6 (acts like a node in this panel) one would expect larger V/H values
with increasing distance. Thus, horizontal spectral ordinates tend to decay faster with respect
to vertical spectral ordinates for small to moderate size events. This trend changes for My, >
6 and increase in distance yields a decrease in V/H ratios that eventually indicates slower
decay of horizontal spectral ordinates with respect to their vertical counterparts. Fig. 9b that
shows the distance-dependent behavior of V/H for a set of magnitude values supports the
observations in Fig. 9a. The increase in distance yields larger V/H for magnitudes up to My,
6 that is reversed for My, > 6. As pointed out in Fig. 9a, the horizontal spectral ordinates
of small to moderate size events (My, < 6) attenuate faster with respect to their vertical
counterparts and this trend reverses as magnitude becomes larger. The median V/H curve
for My, 6 is almost insensitive to variations in distance, which explains its “nodal” position
in Fig. 9a. Figure 9c that shows the particular influence of Vg3p on V/H suggests that the
vertical spectrum tends to attain larger values for soft to very soft sites (Vs3g < 350 m/s) and
large magnitudes (M, > 7). As the site gets stiffer the variations in V/H are mild and stable.
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Fig. 9 Median V/H variations of the proposed model in terms major estimator parameters for T = 0.1s

The proposed model is also compared with the recent pan-European V/H GMPE that
is developed by (Bommer et al. 2011; BAK11). The magnitude scaling is linear and geo-
metrical spreading does not consider a magnitude dependent slope in BAK11. It disregards
the soil nonlinearity in V/H estimates. Figure 10 compares the median V/H estimates of
these two models. The comparisons are made for median V/H trends as this spectral quan-
tity is used while constructing the horizontal spectrum compatible vertical spectral ordinates
for scenario-specific PSHA. The details of this procedure are described in the subsequent
sections. The spectral comparisons in Fig. 10 are done for Rjg = 10km for M,, 5 and
My, 7.5 (left and right columns, respectively). A strike-slip fault is used in the scenario
earthquakes as in the case of previous examples. The top row panels compare the median
V/H estimates for Vszg = 800 m/s (generic rock site) whereas the bottom row compar-
isons are plotted for Vg3 = 255 m/s (soft soil). The median V/H estimates of the proposed
model depict differences with respect to BAK11. However, the differences are not sub-
stantial. Our model tends to estimate larger V/H ratios towards longer periods for larger
magnitudes. The opposite holds for small magnitudes and BAK11 yields larger V/H esti-
mates particularly for softer sites. The discrepancies between the median V/H estimates
of BAKI11 and the proposed model can be the attributes of different functional forms as
well as the size and resolution of databases although they are originated from the same
region. This study uses a more complicated functional form that considers magnitude-
dependent geometrical spreading as well as linear and nonlinear soil behavior as a function
of continuous Vg3g. These features are not included in BAK11 due to insufficient meta-
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Fig. 10 Comparison of the proposed equation with Bommer et al. (2011; BAK11) V/H model for different
magnitudes and site conditions at Ryg = 10km

data features in their database. Although BAK11 and this study use strong-motion data
collected from broader Europe, the pan-European database used in this study is recently
updated and expanded in terms of waveform quality and metadata information (Akkar et al.
2013c).

7 Use of proposed DSF and V/H models for different point-source distance metrics

The proposed DSF and V/H GMPEs use R;p as the source-to-site distance metric. This section
provides information on the applicability of these models for point source distance measures
(epicentral distance -Repi- and hypocentral distance -Ryyp-) as Akkar et al. (2013a,b) GMPEs
are developed for estimating horizontal ground motions in Repi, Rpyp and Ryg. Figure 11
shows median horizontal DSF estimates computed for Ry, Repi and Ryyp for a stiff site of
Vs30 = 400 m/s. The availability all three distance measures in our strong-motion database
enabled us to develop DSF predictive GMPEs for the latter two distance measures. The same
functional form as of Ryg-based DSF predictive model was used in these GMPEs and same
steps were followed in the regressions. The distance range considered in comparisons is up
to 200 km. Each raw in Fig. 11 compares the median horizontal DSF estimates of Ryg, Rep;
and Ry, for a specific period. The selected spectral periods for comparisons are T = 0.1 s,
T=05s,T=10s, T=2.0sand T = 4.0 s. They represent the overall spectral period
interval of concern in the paper. Each column in Fig. 11 shows a specific magnitude taking
values between My, 4 and M,, 8 with unit increments. The comparisons are shown for 2 and
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Fig. 11 Comparisons of median horizontal DSF estimates from Rjp-, Repi- and Ryyp-based GMPEs that are
derived from the same strong-motion database. The functional forms of all three GMPEs are the same. The
solid and dashed lines show the comparisons for 2 and 10 % damping, respectively

10 % damping ratios in order not to crowd the panels. The other damping ratios yield similar
results to those given in Fig. 11. Figure 12 makes the same comparisons for vertical DSF
estimates. The display format in this figure is the same as in Fig. 11. The comparative plots
indicate that median horizontal and vertical DSF estimates are practically independent of
distance definition. For lightly damped systems (represented by 2 % critical damping in Figs.
11 and 12) and towards large magnitudes, the variations in Rjg-based DSF model are slightly
different than the median DSF trends of the point-source distance metrics. However, the
observed discrepancies are not more than 5 % for the entire distance range. The observations
highlighted by these plots are valid for the whole magnitude, period and damping ratios
covered in this study. Thus, the overall discussions from Figs. 11 and 12 suggest the general
applicability of Ryg-based horizontal and vertical DSF GMPEs for the modification of 5 %-
damped spectral ordinates of Akkar et al. (2013a,b) without making any adjustments for Rep;
and Rpyp.

Similar comparisons are repeated for the median V/H estimates. Figure 13 shows the
median V/H estimates of Ry, Repi and Ryyp predictive models. The GMPEs for Rep; and
Ryyp are developed by following the methodology described in the DSF comparisons: same
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Fig. 12 Comparisons of median vertical DSF estimates from Ryg-, Repi- and Rpyp-based GMPEs that are
derived from the same strong-motion database. The functional forms of all three GMPEs are the same. The
solid and dashed lines show the comparisons for 2 and 10 % damping, respectively

functional forms as of Rjg-based GMPE and same type of regression analysis by utilizing the
strong-motion database used for developing Rjg-based GMPE. The plots in Fig. 13 compare
median V/H estimates for the above three distance measures by using the period and magni-
tude combinations given in Figs. 11 and 12. The comparisons in Fig. 13 display very similar
patterns between the median V/H estimates of Repi, Rpyp and Rjp GMPEs. Although some
minor discrepancies in V/H trends do exist between Rpyp and the other two distance metrics,
we believe that these differences can be neglected for all practical purposes. Thus, one can use
our Ryg-based V/H model in confidence with the Akkar et al. (2013a,b) horizontal GMPEs
of all three distance measures to generate fully consistent vertical ground-motion estimates.

The conclusions derived from the median DSF and V/H comparisons are further investi-
gated by studying the total standard deviations of the DSF and V/H GMPEs that are developed
separately for each source-to-site distance metric. The comparative results are shown in Fig.
14. The left and right panels in the first row of Fig. 14 show the period-dependent variation
of total sigma for horizontal and vertical DSF GMPEs. The panel in the second row displays
same type of comparisons for V/H model. The information inferred from Fig. 14 once again
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Fig. 13 Comparisons of median V/H estimates from Rjg-, Repi- and Ryyp-based GMPEs that are developed
from the same database. The functional forms of the predictive models are the same

justifies that any existing difference among the three considered distance measures becomes
immaterial for DSF and V/H ratio estimates.

8 Developing consistent scenario-based horizontal and vertical pseudo-acceleration
spectra

The use of V/H GMPEs together with conditional mean spectrum (CMS; Baker 2011) yields
consistent scenario-based horizontal and vertical design spectra (Giilerce and Abrahamson
2011). CMS has the ability of representing more realistic scenario-based horizontal seismic
demands as it accounts for the correlation of ground-motion variability at different spectral
periods. When V/H model is considered together with CMS, the proper handling of hori-
zontal and vertical ground-motion variability would yield a vertical spectrum that represents
consistent vertical seismic demands with the horizontal earthquake scenario. The consistent
horizontal and vertical spectra will essentially lead to more realistic selection and scaling of
horizontal and vertical ground motions for a specific target earthquake scenario.
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Fig. 14 Comparison of total standard deviations of DSF (fop row) and V/H (bottom row) GMPEs developed
for different distance measures

The proposed V/H model is compatible with the Akkar et al. (2013a,b) GMPE derived for
horizontal PSA as both studies used exactly the same ground-motion database. Thus, both
GMPE:s can be employed together for the calculation of consistent CMS for horizontal and
vertical ground motions. The complete form of consistent horizontal and vertical CMS is
given in Eq. (6) (Baker 2011; Giilerce and Abrahamson 2011).

CMSH(To, T) = wu(T) - exp (PH(To, T) &(To)ou(T)) (6a)
CMSy (To, T) = CMSu(To, T) - py/u(T) - exp (er,v/u(To. T) - oy/u(T))  (6b)

In the above expressions iy (T) is the median estimates of the horizontal GMPE for the most
contributing earthquake scenario identified after deaggregation analysis for the reference
period To. The parameter op(T) is the total standard deviation of the horizontal GMPE.
€(Tp) is the number of standard deviations between the target spectral ordinate at Ty and
median ground-motion estimation at the same period for the most contributing earthquake
scenario. The correlation coefficient between epsilons at spectral period T and Ty is defined
by pu(To, T). Table 6 gives the correlation coefficient matrix, Py (To, T), for the selected
spectral periods using the Akkar et al. (2013a,b) horizontal GMPE. The entire correlation
coefficient matrix for the whole set of spectral periods is given in the electronic supplement.

The simplified vertical CMS, CMSy (To, T), is computed by multiplying the median V/H,
wv/H(T), with the horizontal CMS. Note that py,/p(T) should represent the most contribut-
ing horizontal earthquake scenario for internal consistency with the horizontal CMS. These
are the first two terms in Eq. (6b). The fully consistent vertical CMS with the horizontal
earthquake scenario requires the consideration of ground-motion variability between the
horizontal and vertical components that is given as the third multiplicative term in Eq. (6b).
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This exponential term consists of the total standard deviation of V/H model and the cor-
relation between the epsilons of horizontal and V/H GMPEs. The total standard devia-
tion is composed of within- and between-event standard deviations. Thus, the correlation
between the epsilons of horizontal and V/H GMPEs requires separate consideration of
within- and between-event epsilon correlations of horizontal and V/H models. This is given in
Eq. (7).

Pu, v/ (TH, Ty/n)
B ¢H(TH)¢V/H(TV/H)P$LV/H(TH, Tv/m) + w(Tw) v/ (Tv/m ey v (Ta, Tv/n)
N ou(Tw)ov/u(Tv/m)

The within-event standard deviations of horizontal and V/H GMPEs are designated as ¢y and
$y,n in Eq. (7), respectively. Similarly, 7y and 7y stand for the between-event standard

deviations of horizontal and V/H GMPEs, respectively. The parameters pﬁ,v /H and pf_LV /H
indicate the within- and between-event correlations between the horizontal and V/H GMPE:s.
Tables 7 and 8 list the within- and between-event correlation coefficient matrices by consid-
ering the proposed V/H model and the Akkar et al. (2013a,b) horizontal GMPE. The negative
correlations in Tables 7 and 8 indicate an inverse relationship between the expected values
of horizontal spectral ordinates and V/H ratios. The full list of within- and between-event
correlation coefficient matrices for the whole spectral periods are given in the electronic
supplementary to this article.

9 Summary and conclusions

This paper presents ground-motion models to estimate horizontal and vertical damping
scaling factors and vertical-to-horizontal PSA ratios by using a subset of the most recent
pan-European strong-motion databank that is assembled within the context of SHARE and
SIGMA projects (RESORCE; Akkar et al. 2013c). The spectral period range of the GMPEs
is between 0.01 and 4.0s. The V/H GMPE additionally estimates horizontal-to-vertical PGA
and PGV ratios. The proposed models use the same subset of RESORCE as of Akkar et al.
(2013a,b) GMPE that is developed for estimating the 5%-damped horizontal PSA. Thus, the
GMPE:s presented in this paper complement Akkar et al. (2013a,b) predictive model for its
modification for consistent vertical design spectrum as well as horizontal and vertical spectral
ordinates of damping ratios other than 5%. Although they are derived for Rjp, our verifica-
tions showed that these models are equally applicable to Akkar et al. (2013a,b) horizontal
ground-motion estimates that are based on Repi and Ryyp. The presented models as well as
the Akkar et al. (2013a,b) horizontal GMPE, when used together, can serve for consistent
vector-valued PSHA in the broader Europe region.

The horizontal and vertical damping scaling models use My,, Rjg and Vg3 as indepen-
dent parameters and can modify 5 %-damped spectral ordinates for damping levels ranging
between 1 and 50 %. They are applicable of moment magnitudes between 4 and 8 and for
distances up to 200 km. These models can also serve for the future updates of damping scal-
ing factors in Eurocode 8 (CEN 2004) as the comparisons given in the paper indicate biased
spectrum estimates of Eurocode 8 for very short periods and high damping ratios.

The proposed V/H GMPE considers My,, Rjg, SoF and Vg3p-based nonlinear site func-
tion. The recommended magnitude and distance ranges of the predictive model are the same
as those of damping scaling GMPEs. The nonlinear site model has an applicability range of
150m/s < Vg30 < 1200 m/s. As the model is compatible with the Akkar et al. (2013a,b)
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horizontal GMPE we present epsilon-based correlation coefficients for deriving consistent
horizontal and vertical CMS for scenario-based hazard studies in Europe and surrounding
regions. The V/H model can also be used for future updates of vertical seismic demands in
Eurocode 8 (CEN 2004).
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