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Abstract

Relative Average-Spectral-Acceleration (ASA40), a recently developed intensity
measure, is defined as the average spectral pseudo-acceleration on the probable
interval of evolution of the fundamental frequency of a structure. This article presents
two ground motion prediction equations (GMPEs) appropriate for the prediction of
ASAuso, using a pan-European strong motion database. Taking advantage of the strong
correlation between the new intensity measure ASA40 and the spectral pseudo-
acceleration (SA), existing GMPEs predicting SA can be adapted to predict ASA40. The
first GMPE used in this study is the modified version of a new generation ground
motion model, ASB13. In order to decrease the high aleatory uncertainty (sigma) that
accompanies predictions when using this modified model, a new model is developed
for the prediction of ASAao. Its range of applicability is for magnitudes Mw from 5.5 to
7.6 and distances out to 200 km, it includes site amplification and it is applicable for a
range of periods between 0.01 s and 4 s. The proposed model decreases the aleatory
uncertainty by almost 15% with respect to the uncertainty of the modified ground

motion model.

Introduction

The Relative Average-Spectral-Acceleration (ASAr) is a new intensity measure
presented by De Biasio et al. (2014). Its main advantage over SA is its efficiency as

an intensity measure appropriate for the structures that behave non-linearly. It takes
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into account the lengthening of the fundamental period due to progressive loss of
stiffness caused by irreversible damage processes. The optimum value of frequency
drop, R, of the structure was chosen as 40% by De Biasio et al. (2014). The prediction
of the new intensity measure ASA4o using Probabilistic Seismic Hazard Analysis
(PSHA) would enforce its sufficiency as a robust intensity measure for the analysis of
non-linearly behaving structures. However, since the performance of ASA4o in terms
of maximum interstorey drift is only slightly lower than that of SA, ASA4o could also
be used as a robust intensity measure when the behavior of the structure lies in the
linear range. A key observation behind this study is that there is a good correlation
between the classical intensity measure (SA) and the new intensity measure (ASA4o).

This allows existing (GMPEs) for SA to predict ASA4o as well.

RESORCE is the extended and updated version of the pan-European strong-motion
databases compiled under the SHARE (Seismic HArmonization in Europe) project
(Akkar et al. 2014a). We use data from this databank to develop two GMPEs for the
prediction of ASA40. The most recent GMPE based on the RESORCE database for
prediction of PGA and spectral ordinates is the model of Akkar et al. (2014b), which
we will refer to here as ASB13. Here we modify it to predict ASA4o by adjusting its
coefficients according to the relation between SA and ASA4. While the ASA4o
predictions are satisfactory, their uncertainty is relatively high with respect to the
uncertainty of SA predictions, due to the scatter in the SA-ASA4o correlations and the

simplifications made in using the model.

In order to decrease this uncertainty, a new model was developed which is based
directly on the new indicator and not on SA as a proxy. The functional form chosen
includes magnitude, distance and V30 as its predictor variables. The uncertainty in the

new model is lower and lies in the usual range of GMPE uncertainties, when they
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predict PGA and spectral ordinates (Akkar et al. 2014b; Akkar and Bommer 2010).

In this paper, we begin presenting the new intensity measure, (ASAr), and the
RESORCE database. We then modify the ASB13 functional form in order to predict
ASAs0 and show the associated sigma values. We then calibrate a new functional form
for the direct prediction of ASA40 without SA as a proxy. The associated sigma values

are explored as well as predictions for a number of scenarios.

Relative Average-Spectral Acceleration (ASAR): the intensity measure

GMPEs were initially developed for the prediction of peak ground acceleration
(PGA) and response spectral acceleration (SA) and recently are also developed to
predict other quantities such as peak ground velocity (PSV), peak ground
displacement (PSD), cumulative absolute velocity (CAV) EPRI (1988), etc.
(Abrahamson and Silva 2008; Akkar et al. 2014b). The use of SA is by definition the
most efficient intensity measure for elastic single-degree-of-freedom (SDOF)
systems. However, in the case of inelastic structural behaviour, SA does not take into
account the contribution of higher modes to the overall dynamic response or the
lengthening of the fundamental period due to progressive loss of stiffness caused by
irreversible damage processes. A structure-specific intensity measure has been
developed by De Biasio et al. (2014) in order to consider the lengthening of the
fundamental period of the structure. The new intensity measure is named Relative
Average Spectral Pseudo-Acceleration (ASAr). The term “relative” indicates the

relation of the ASAr with the fundamental frequency of vibration of the structure.

For a frame structure according to Eurocode 8, as presented by De Biasio et al.
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(2014), using events of high magnitudes in short distances from the same database,
the standard deviation of the residuals of the maximum interstory drift ratio is 0.52 for
PGA, 0.35 for SA and 0.28 for ASA40. Thus, for the analysis of non-linearly behaving
structures ASA4o has considerably lower standard deviation with respect to PGA and

SA.

The range of frequencies considered for the calculation of ASAr is between the
fundamental frequency of the structure (as the upper bound) and the maximum
expected “softened” frequency (as the lower bound) which is evaluated as a
percentage of the fundamental value. For a structure approximated by a SDOF of

fundamental frequency f, ASAr is defined for any seismic record as:

1 . -

where

r is the drop (as a percentage) of the structure’s fundamental frequency,

xin =1-(r/100) is a factor accounting for the drop of the fundamental frequency,
SA is the spectral pseudo-acceleration for the given seismic record and

& is the damping value.

The exact value of r depends on the non-linearity experienced by the structure,
which depends on the intensity of the ground motion and on the design properties of
the structure. Based on sensitivity analyses, an optimum value of 40% (i.e. ASA40)
was suggested by De Biasio et al. (2014). ASA4o0 is the intensity measure used in this

study. Hence the above equation can be rewritten as:



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

F
ASA,(f) = %Lﬁjﬂ (fr8)dfy

2
The above formula can be simply rewritten in terms of period as:
ASdg(T) =257 M7 20D o, 3)

The RESORCE Strong Motion Database

Our data come from the RESORCE strong-motion database, developed for the
French SIGMA project (Selsmic Ground Motion Assessment, Akkar et al. 2014a).
This database is the extended and updated version of the pan-European strong-motion
databases compiled under the SHARE project (Seismic HArmonization in Europe,
Yenier et al. 2010). We chose a subset of the initial dataset based on certain criteria.
Only sites with directly measured Vs3o values are included in order to minimize the
epistemic uncertainty linked with site conditions. Earthquakes classified as
aftershocks are also included, since any differences between spectral accelerations
from main shocks and aftershocks are not significant (Douglas and Halldérsson

2010).

Akkar et al. (2014a) concluded that the available data are roughly unbiased for Mw
above 4.0 at distances out to 200 km. Since the intensity measure in which we are
interested is structure-oriented, we specify the minimum magnitude to 4.5 instead of
4.0, after verifying that the volume of data is sufficient for the analysis. One of the
main conclusions of Bommer et al. (2007) is that the empirical derivation of ground-
motion prediction equations should be based on datasets extending at least one unit

below the lower limit of magnitude considered in seismic hazard calculations. So if
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we want the GMPE's to be well calibrated for M>5.5 we need data for M>4.5.
Following the majority of GMPEs, 200 km was selected as the upper limit of

distances.

The distance metric we choose is the closest distance to the fault rupture (Rrup).
Because rupture distance (Rmp) is not available for small events, we use Rwp for
events with Mw5.7 and above, and hypocentral distance (Ruypo) for earthquakes with
Mw below 5.7. Point-source distances (i.e., hypocentral distance Rnypo and epicentral
distance Repi) and extended-source distances (i.¢., the horizontal distance to the closest
point on the surface projection of the fault rupture Ris, after Joyner and Boore, 1981,
and rupture distance Rryp) respectively become equivalent for earthquakes for which
the source dimensions are small or comparable with the uncertainty associated with
the determination of epicentral/hypocentral coordinates. Akkar and Bommer (Earthq.
Spectra, Feb. 2012, Figure 2) have compared a point-source distance (Repi) and
extended-source distance (Ris) and show that for magnitudes below 5.7 these two
measures are nearly identical. Such a simplification has been made in previous studies
(e.g. Cotton et al., 2008). Recently, Yenier and Atkinson (2014) considered ground
motions as originating from an equivalent point source and mimicked finite-fault
effects by treating the motion as emanating from a virtual point. However, they
considered differences between point-source and finite-fault ground-motions only for

Mw>6.

Following suggestions by Akkar et al. (2014a), earthquakes recorded by only one
station are not included in the subset, since they do not allow for sufficient
determination of the event term and thus inflate the between-event variability in the
models. In order not to further decrease the dataset, stations that recorded only one

event were not eliminated. In order to allow this, we verified that the within-event



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

variability did not increase significantly and hence the site terms are sufficiently
captured. In order to focus only on shallow crustal earthquakes, following suggestions
by Derras et al. (2013) and Laurendeau et al. (2013), recordings from events with
focal depth less than 25 km are considered. Following the aforementioned exclusive
criteria, the final dataset consists of 1092 recordings, with 86 events recorded by two
stations, 41 events by three stations, 26 events by four stations and 79 events by five

or more stations.

The distribution of the chosen dataset in terms of magnitude, distance and site
classification after EC8 (Eurocode 8, CEN, 2004) is presented in Figure 1. Most
records come from sites belonging to ECS8 classes B and C, i.e. 180<Vs30<800 m/s
(soils and stiff soils). Only a few records come from soft soil (class D) or rock (class
A) sites. Furthermore, earthquakes with magnitudes up to Mw 6.4 are well
represented, while for higher magnitudes data are more limited. Following the
suggestion of Akkar et al. (2014a), we choose the range of periods in which to

develop the ASA4o prediction model: 0.01-4 s, i.e. frequencies from 0.25-100 Hz.

Modifying an existing GMPE to predict ASA4

For each of the records in our dataset we have calculated the ASA4o for each one of the
two horizontal components. Then we calculated their geometric mean in the range
between 0.01 to 4 s with a time step of 0.01 s. Figure 2 shows the relation between SA
and ASA4o in natural log scale for all data points. Data is shown at three characteristic
periods that are of interest for engineered structures, namely 0.2, 0.6 and 1 s and two

additional longer periods, 2 and 3.5 s, for the sake of completeness. The relation
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between the natural logarithm of the two intensity measures is linear, with a
coefficient of correlation that is almost equal to 1. Figure 3 presents the ASA4o
calculated for the dataset as a function of distance for magnitudes equal to 4.5, 6.0 and
7.3, at periods 0.2, 0.6, 1, 2 and 3.5 s. The trend of ASA40 with distance is similar to
the trend that SA follows with distance, as expected due to their high correlation. The

magnitude scaling (Figure 4) is also similar to the magnitude scaling of SA.

Based on these observations, we infer that we can use the typical formulations of a
GMPE made to predict SA in order to predict ASA4. First we use an existing
functional form developed for the RESORCE dataset. The most recent GMPE based
on this database is ASB13. It models ground motion scaling in terms of magnitude,
distance, Vs3o and style-of-faulting (SoF), using the random effects procedure of
Abrahamson and Youngs (1992). It predicts SA at periods from 0.01 to 4 s. The
coefficients are adjusted according to the type of distance R used (the Joyner-Boore
distance Rys, the hypocentral distance Rnypo and the closest distance to the fault

rupture Rryp). The functional form is given in Egs. (4) - (6):

In(SA)= In[SAgeM ., R, SOF )]+ In[S (V,,,, PGA oo ) |+ &0, (4)
Where
IniSA4,.,)
ay + ag(M, — ;) +ay(85— M) + [ag + az(M, — c)]ln (VB + a? | + agFy + aoFy
_ For M, = o
@y + ap(M, — ;) +ay(85— M) + [ag + az(M, — c)]ln (VB + ag? | + agFy + aoFy
far M, = o
(5)
and
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As explained by Akkar et al. (2014b), in equations (4)-(6) the median spectral
acceleration In(SA) is computed by modifying the reference ground-motion model
In(SArer) through the nonlinear site amplification function In(S). The estimator
parameters of the reference ground-motion model are the moment magnitude, Mw,
source-to-site distance measure, R, for which Ris, Repi, Roypo are used for different
cases; and the style-of-faulting dummy variables. The parameters Fx and Fr are unity
for normal and reverse faults, respectively, and zero otherwise. In the reference
ground-motion model the parameter Ci is the hinging magnitude, taken as Mw 6.75.
The total aleatory variability of the model is given by o that is composed of within-
event (¢) and between-event (T) standard deviations, following the nomenclature of
Alatik et al. (2010) of the deltaWes and deltaBe residuals, respectively where the
subscripts ¢ and s refer to event and station. The period-dependent estimator
parameters of the nonlinear site function (i.e., b1 (T) and b2 (T)) as well as ¢ (2.5) and
n (3.2) in the model of Akkar et al. (2014b) are directly adopted from the Sandikkaya
et al. (2013a) model. The reference Vs3o (Vrer) is 750m/s in the nonlinear site model
and Vcon=1000m/s that stands for the limiting Vs3o after which the site amplification
is constant. The reference rock site PGA (PGARrer) is calculated from the reference

ground-motion model in Eq. (4).
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Douglas et al. (2014) compared the style of faulting factors for the five GMPEs
derived from the RESORCE database (Akkar et al., 2014a). These ratios are generally
quite close to unity (i.e., the rupture mechanism has little or no effect on spectral
accelerations). This observation is in line with findings from previous studies,
including some associated with the NGA models. Moreover, the RESORCE database
is not well adapted to the analysis of style of faulting effects, because of the poorly
balanced number of reverse, strike-slip, and normal events in the database. For these
reasons the style of faulting was not considered in the modified model with the scope

of simplification.

To adjust the coefficients of the existing model so as to predict ASAso, a linear
regression analysis was performed along the periods of interest between the natural
logarithm of the two intensity measures. The subset of events used herein differs from
the dataset used by Akkar et al. (2014b) since in the selection of events, we use
hypocentral distance for events with Mw<5.7 and rupture distance for larger events.
The coefficients of ASB13 model are grouped in three categories according to the
type of distance. However, using either group of coefficients, Rnypo or Ris, the
difference in the results in terms of standard deviation is insignificant. Thus, we use
the coefficients corresponding to hypocentral distance Ruypo because they are available

for all events.

Figure 5 shows the aleatory uncertainty (sigma value) corresponding to the
modified ASB13 model, which is 15%-20% higher compared to the sigma of the
original Akkar et al. (2014b) when predicting SA. This increase is expected due to the
scatter in the correlation between the two intensity measures. Additionally, a small
deviation is introduced due to the differences in the subsets used in the two studies,

the type of distance metric used, the group of coefficients chosen, and the dismiss of

11
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the style-of-faulting. Despite this increase in sigma compared to the original model,
we conclude that the modified model can be used for the prediction of ASA4o despite
that the standard deviation found is higher than the values of uncertainty in typical
GMPE:s that predict SA, such as the NGA-West2 and the pan-European models (e.g
Abrahamson and Silva 2008; Akkar et al. 2014b; Akkar and Bommer 2010, Bindi et
al. 2010; Boore and Atkinson 2008). The predictions are sufficiently accurate,
especially for periods shorter than 1 s, which is the range of periods that is most

interesting from a structural engineering point of view.

Creating a new GMPE to predict ASA4o

We first used an existing functional form appropriate for predicting SA, and adjusted
it based on the correlation between SA and ASA40. The uncertainty introduced from
that model was higher than the uncertainties found in the literature, therefore now we
create a new model that predicts ASA4o directly. The chosen functional form takes into
account magnitude, distance and site conditions dependency, it is simplified with
respect to ASB13, so as to only include basic scaling features of next generation
GMPEs for which we have adequate knowledge. The seven coefficients of the model
are regressed using the random effect method of Abrahamson and Youngs (1992) and
the uncertainty is broken into the within-event and (¢) and between-events (7)

standard deviations (Al Atik et al. 2010).

The functional form of the model is given in Eqs (7)-(10):

In(ASAyg,e} = Fyy, + Fo,, + Fy, + 8W,, + 8B, (7)

12
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where:

Fy, = By M+ By M, ®)
Fp =(by+ by (M,.—6)) In(R+10)+ b; 'R 9)
Fs, = b In (2] 4 b, (10)

Figure 6 shows predictions for ASA40 with distance out to 200 km, for magnitudes
equal to 5, 6 and 7, at periods 0.2, 0.6, 1, 2 and 3.5 s. Figure 7 shows ASA4o
predictions with magnitude for distances equal to 10, 30 and 100 km respectively. All
results are shown for a reference rock with Vs30=800 m/s. Figure 8 shows ASA4 as a
function of period for different distances (10, 30, and 100 km) and different
magnitudes (Mw 5, 6, and 7), while Figure 9 shows results for different Vs3o values
(180, 360, and 800 m/s, i.e. the limits between ECS8 site classes A through D). The
dependencies on ASA4o with the explanatory variables Mw and R and as a function of
period follow typical GMPE tendencies (Akkar et al. 2014b; Akkar and Bommer

2010).

Figures 10 through 12 show residual plots for ASA4o at periods of 0.2, 0.6, 1, 2 and
3.5 s with respect to magnitude, distance, and Vs3o. The average residuals (black
circles) are shown for bins of each independent variable along with their standard
deviation. The between-events residuals (deltaBe) do not show any significant trends
with magnitude (Figure 10), while the within-event residuals (deltaWes) are well
centered through all distances (Figure 11). These observations indicate that the
proposed model is well balanced and predicts ASA40 well without systematic bias as to
the predictor variables. Figure 12 shows that predictions are unbiased for ECS8 site

classes A, B, C and D, while the model underestimates rock motion (for Vs30>1100

13
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m/s) at all periods. This is most probably because data in this Vs3o range are sparse
and poorly distributed. Table 1 presents the period-dependent coefficients for some

selected periods.

Figure 13 shows the variation of the between-event (1), within-event (¢), and total
(o) standard deviation values for the proposed model. The results support the
observation of Strasser et al. (2009) that the ¢ component of the uncertainty is much
larger than the t. The standard deviations increase with period above 0.5 or 1 s.
Within the period range of engineering interest (below 1 s) the standard deviation is
almost constant (around 0.4, 0.6 and 0.7 for t, ¢, and o, respectively) and similar to
the values of uncertainty in typical GMPEs that predict SA, such as the NGA-West2
and the pan-European models (e.g Abrahamson and Silva 2008; Akkar et al. 2014b;
Akkar and Bommer 2010; Bindi et al. 2010; Boore and Atkinson 2008; and Derras et

al 2013).

Furthermore, some sensitivity analyses were performed in order to test the
robustness of the model. We repeated our analyses excluding stations that recorded
only one event, as well as events that were recorded by less than 3 stations. The effect
on standard deviation was insignificant, meaning that the source and site terms were
sufficiently captured. Hence, in order not to further reduce our subset, we only

exclude events recorded at less than 2 stations.

Even though we used the same dataset in both cases to predict ASA40, several
simplifications were made when using the modified ASB13 model. As expected, the
uncertainty of the new model is lower than the uncertainty of the modified ASB13
model in all periods. The new model has a simpler functional form with fewer

coefficients to be calibrated, allowing better stability.
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Conclusions

Here we present models appropriate for the prediction of a new intensity measure
related to structural behavior called, the Relative Average Pseudo-Acceleration
(ASA40). Our data come from the RESORCE Strong Motion Databank. We observe
that, in log space, ASA4o has a linear relation with SA as expected from its definition.
Based on this correlation, an existing GMPE intended for the prediction of spectral
ordinates is modified to predict ASA40. We choose Akkar et al. 2014b (ASB13), which
is based on the same database, and we adjust it according to the correlation of the two
intensity measures at each period in our range of interest (0.01 to 4 s). Although
acceptable, the uncertainty in the prediction of ASA4o is higher with respect to the
uncertainty in the prediction of SA. This is likely due to the scatter in the SA - ASA4o
correlation, the differences in the choice of subset, and the simplifications made to the

original model.

Thus, a new GMPE is developed using the same dataset, aiming to directly predict
ASA40 without SA as a proxy. The new model predicts ASA4 without bias as to
magnitude or distance, for ECS site classes A through D. The aleatory uncertainty is
now lower and its components 1, ¢, and ¢ are similar to that of typical GMPEs
appropriate for the prediction of spectral ordinates and decreased with respect to the

uncertainty when adjusting the already existing GMPE, ASB13.

The use of the ASA4o could be particularly advantageous when non-linear behavior
of a structure is expected, due to the location and/or structural design. However, when

the behavior of the structure lies in the linear range, the performance of ASA40 in
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terms of maximum interstorey drift is slightly lower than that of SA. This is why
ASA4o could also be used in the framework of Probabilistic Seismic Hazard Analysis
(PSHA), and therefore needs to be estimated in bins of magnitude and distances that
do not necessarily lead to non-linear structural behavior. Thus, for the calibration of
the GMPEs used herein for the prediction of ASA40, we extended the database to lower
values of magnitude and higher values of distance with respect to the high-damage

bin (e.g. Mw>5.5 and R<100 km).

In the context of risk assessment, vulnerability parameters must be taken into
account in order to estimate vulnerability indicators. Although the GMPE introduced
here could be used directly to provide a rough estimate of a vulnerability indicator
such as interstorey drift, the latter strongly depends on vulnerability parameters
(relative importance of the few first eigenmodes, ductility factor, etc.), which are not
accounted for in the present GMPE. Therefore, for an accurate analysis of a given
structure, we recommend the development of a GMPE to specifically estimate

vulnerability indicators such as interstorey drift.
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ASAr = Relative Average Spectral Pseudo-Acceleration

ASA40 = Relative Average Spectral Pseudo-Acceleration with 40% frequency drop
SA = Spectral Acceleration

Myw = Moment Magnitude

R= Distance

Rrup = Rupture Distance

Ruypo = Hypocentral Distance

Ris = Distance Joyner and Boore

Repi = Epicentral Distance

Vs30= Average Shear Wave Velocity in the top 30 m of soil
SoF= Style of Faulting

PGA = Peak Ground Acceleration

PSV = Peak Ground Velocity

PSD = Peak Ground Displacement

CAV = Cumulative Average Velocity

SDOF = Single Degree of Freedom System

xf1 = factor accounting for the drop of the fundamental frequency
r = drop (as a percentage) of the structure’s fundamental frequency
& = the damping value

o =Total Variability

¢ = Within event variability

1= Between events variability

deltaBe = Between events residuals

deltaWes = Within event residuals

e = event

s = station
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Table 1. Period-dependent coefficients of the ground motion model for some

selected periods.

Period (s) b1 b2 b3 ba bs be b7
0,02 1,8237 | -0,2659 | -1,4000 | 0,5770 | -0,0032 | -0,3047 | 3,2487
0,04 1,2200 | -0,2323 | -1,2000 | 0,6188 | -0,0064 | -0,2343 | 5,1787
0,06 1,2549 | -0,2355 | -1,2000 | 0,6098 | -0,0076 | -0,1853 | 5,3709
0,08 1,6375 | -0,2633 | -1.0000 | 0,5915 | -0,0106 | -0,1493 | 3,6489

0,1 1,9820 | -0,2759 | -1.0000 | 0,5462 | -0,0107 | -0,1511 | 2,1744

0,2 3,5978 | -0,34089 | -1.0000 | 0,3650 | -0,0085 | -0,3606 | -5,2825

0,3 4,6598 | -0,3978 | -1,2000 | 0,3030 | -0,0035 | -0,5494 | -9,3360
0,4 5,2591 | -0,4395 | -1,2000 | 0,3038 | -0,0021 | -0,6851 | -11,7751
0,5 5,8095 | -0,4749 | -1,2000 | 0,2952 | -0,0010 | -0,8001 | -14,0737
1,0 6,7347 | -0,5222 | -1,2000 | 0,2709 | 0,0023 | -0,9387 | -19,0464
2,0 7,4114 | -0,5749 | -0,8000 | 0,3143 | -0,0013 | -0,8779 | -23,7117
3,0 7,3213 | -0,5396 | -0,8000 | 0,2736 | -0,0018 | -0,8401 | -25,3802
4,0 7,1924 | -0,5009 | -0,8000 | 0,2456 | -0,0025 | -0,8193 | -25,6974
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