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Abstract The present work is exclusively based on recorded data provided by the Algerian

and the European strong ground-motion database. These data contain 1391 records homo-

geneously processed with more than 700 records in Algeria and the rest from essentially the

Mediterranean region, with distance and magnitude ranging from 5 to 150 km and 3.0 to 7.4

respectively. An emphasis is given to the proposal of appropriate ground motion prediction

equation (GMPE) for Algeria and surrounding region considering site classification. This

latter is based on the predominant period computed using average horizontal to vertical

spectral ratio response (H/V). Four site categories are defined according to Zhao et al. (Bull

Seismol Soc Am 96:914–925, 2006) classification scheme. Due to the insufficient number of

records for very soft soil, one considers three soil classes for the computation of the empirical

predictive spectral ground motion relations: rock, firm and soft. Two cases are studied; the

first one considers only local data (52.84%with 3.0 B M B 6.8)which serves to illustrate the

limits of considering only the country’s borders, while in the second case, the regional data is

added (47.16%withM C 5.2) to investigate its influence on the reliability and the robustness

of the developedmodel. A truncation distance criteria is appliedwith respect to themagnitude

and the distance values associated with each data. The obtained results show that (1) the

model based on local data overestimates the predicted accelerations for larger magnitude,

while the model based on regional data is in good agreement with the last published models;

(2) among the four soil classes, the amplitudes and the shapes of the mean H/V spectral ratios

are significantly different. Furthermore, the peaks in the period range are reasonably similar

to those of site periods defined for each site class by Zhao et al. (2006); (3) the standard
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deviation decreases compared to the original rock/soil classification scheme and the obtained

mean site coefficients for stiff and soft soil are in good agreement compared to those defined in

EC-8 (CEN, Eurocode 8, design of structures for earthquake resistance—part 1: general

rules, seismic actions and rules for buildings. EN 1998-1: 2004. Comite Europeen de Nor-

malisation, Brussels, 2004); (4) at short distance, the proposed GMPE for Algeria predicts

relatively smaller spectral acceleration compared to recent published models possibly due to

the differences in the lowermagnitude bounds of thesemodels; (5) in addition to the proposed

model, this study makes in evidence that Boore et al. (Earthq Spectra 30:1057–1085, 2014)

andAkkar et al. (Bull EarthqEng, 2013. https://doi.org/10.1007/s10518-013-9461-4)models

are appropriate for the computation of the seismic hazard in Algeria.

Keywords Algerian strong ground motion � GMPE � Site effect � HVSR � Seismic

hazard

1 Introduction

The northern Algeria is located in the Africa-Eurasia plate boundary. It is among themost active

seismogenic area in the western Mediterranean region. From north to south, northern Algeria is

divided into fourmain structural domains (Braceneet al. 2003).Thesegeological features, related

to interplate processes, are: the Tell Atlas or Tell-Rift system, theHigh Plateaus, the SaharaAtlas

orAtlasMountains system, and the Sahara Platform (Fig. 1a). The seismicity distribution, which

is strong to moderate in the northern part, to low in the southern part, is represented by four (04)

seismic areas (RPA2003) (Fig. 1b), seismic zones IIb and III formoderate to strong activity, and

I and IIa for weak tomoderate ones. During the last three decades, northern Algeria experienced

several moderate-to-strong earthquakes; two of them were strongly destructive (Fig. 1a). The

1980 El Asnam earthquake (M7.3), which claimed over 2700 lives and destroyed about 60,000

housings, and Boumerdes May 21 (M6.8) caused considerable damages and claimed over 2300

lives (Laouami et al. 2006; Laouami and Slimani 2013).

Algeria is considered to be part of the active regions with shallow crustal seismicity. In

this context, during the last years, several studies regarding the ground motion predictive

equations have been developed. These studies account for the important improvement in

the understanding of the seismic motion from the earthquake source to the ground surface.

Nowadays, several predictive equations, estimated from strong motion recordings, have

been proposed around the world (Berge-Thierry et al. 2003; Ambraseys et al. 2005; Zhao

et al. 2006; Abrahamson and Silva 2008; Boore and Atkinson 2008; Akkar and Bommer

2010, 2013; Chiou et al. 2010; Boore et al. 2014).

The reduction of the seismic risk in Algeria requires the assessment of the seismic

hazard of the whole country and in particular its northern part. However, it is established

that the selection of ground motion predictive equations is very crucial and directly con-

trols the uncertainties that affect the final results. The lack, until recently, of strong motion

data in Algeria, and the pressing need for studies of seismic hazard in different potentially

seismic regions, motivated the use of American and European GMPEs (Sadigh et al. 1997;

Ambraseys et al. 2005; Berge-Thierry et al. 2003; Akkar and Bommer 2010) as considered

most appropriate to the Algerian sismotectonic context and some of them have considered

a few number of strong motions recorded in Algeria.

However, in a recent study, Gherboudj and Laouami (2013) have carried out a proba-

bilistic seismic hazard assessment of the Algiers city. The region falls within an area of

active shallow crustal seismicity, and therefore, the GMPEs of Akkar and Bommer (2010),
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Boore and Atkinson (2008), Ambraseys et al. (2005) and Berge-Thierry et al. (2003) are

selected to compute the ground motion intensity (PGA, PSA (T)) at the considered site. An

equal weight is assigned to each equation within the logic tree framework. The obtained

hazard curves reveal a strong epistemic uncertainty due to GMPE’s selection. There is a

significant dispersion between the different models, which makes the selection of appro-

priate GMPEs a very difficult task. Among the parameters that cause this dispersion, one

can cite the considered minimum magnitude. Several studies (Frisenda et al. 2005; Massa

et al. 2007) pointed out that well calibrated GMPEs, spanning from weak motions to strong

motion, are necessary. According to some authors (Atkinson and Boore 2011; Akkar et al.

2013; Boore et al. 2014), as this magnitude value is high, as the model overestimates the

predicted accelerations at low magnitude. In this study, one considers a minimum mag-

nitude equal to 3.0.

Fig. 1 a Seismicity of Algeria since 1700, and regional tectonic setting (Bracene et al. 2003), yellow and
red asterisk show respectively the destructive Ms 7.3 El Asnam and Mw 6.8 Boumerdes earthquakes; and
b Seismic zonation of Algeria (RPA 2003)

Bull Earthquake Eng (2018) 16:2653–2684 2655

123



Otherwise, it is well known that precise site classification is important in determining

accurate empirical ground motion prediction relations. In this study, the site condition at a

recording station is investigated. Until now, the majority of the strong motion stations in

Algeria have limited geotechnical information. In order to evaluate the site amplification,

HVSR spectral ratio analysis has been performed over more than 1600 strong motion data.

The site classification is based on the computed predominant period. Four site categories

are defined according to Zhao et al. (2006) classification scheme.

Finally, this study do not considers the amplitude saturation effect, because near fault

strong motion records are very scarce in Algeria and in the surrounding Mediterranean

region. Furthermore, due to their complexity, directivity and hanging wall effects strongly

affect seismic motion near the fault are not considered in this study. The development and

use of this model in the assessment of the seismic hazard in Algeria will reduce the

epistemic uncertainties induced by the use, only, of models developed in other sismotec-

tonic contexts.

2 Strong motion data

The lack of strong ground motion data was significantly experienced when elaborating the

first Algerian aseismic building code in 1976. It was therefore decided to implement a

countrywide accelerometer network. The installation of 335 3-component accelerographs

started in 1980, 218 are already installed in the free field and 30 in structures (buildings,

dams …etc.) (Fig. 2). The network was acquired in three stages: (1) following the 1980 El

Asnam earthquake, 90 analog SMA-1 accelerographs were installed mainly in the free

field, (2) in 1990, 80 SMA-1 analog and 40 SSA-1 digital accelerographs were acquired in

order to densify the existing network, with more emphasis on structures (buildings, dams),

and (3) 125 Etna digital accelerographs, acquired in 2002–2003.

The installation and the development of an accelerographs network and the collect of

instrumental recordings of strong earthquake shaking are crucial for improving the

earthquake resistant design of buildings and for understanding earthquake source mecha-

nisms, as well as seismic wave propagation from the source to the site of interest, including

local site effects. However, the reliability of such measures requires preconceptions as to

classify sites on which the stations are installed. This is usually done in a crude way

because of the high cost of geotechnical and geophysical investigations. The main
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Fig. 2 The national accelerograph network, with the regional administrative limits. The numbers in
parentheses next to the filled triangles stand for the number of stations installed in the region (Laouami et al.
2006)
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parameter used in the modern code provisions concerning site classification is Vs30, i.e. the

time averaged shear wave velocity in the upper 30 m of the soil profile. As it is well

known, the shear wave velocity profile is rarely available in civil engineering or

geotechnical engineering applications because of the cost of the geophysical investigations.

In the recent years, it has been shown that NHV (horizontal to vertical spectral ratio from

ambient noise) and EHV (from seismic motions) can supply useful information about the

resonance properties of the shallow subsoil and represent a cost-effective tool for micro-

zoning studies and site classification (Fukushima et al. 2007) and retrieve information on

the subsoil seismic layering. The difficulty to have the average shear wave velocity over

30 m, and the fact that Vs30 does not always capture the predominant period of the site,

since it represents only the shallowest portion of the geological profile (Fukushima et al.

2007) has encouraged the development of other site classification schemes. Based on the

predominant period via H/V spectral ratios, Zhao et al. (2006) proposed four site categories

and classified K-net sites. This classification scheme was also used to categorize the Iranian

strong motion network (ISMN) (Ghasemi et al. 2009). Recently Beneldjouzi and Laouami

(2015) proposed a site classification based on random field simulation and considering the

criteria required by the Algerian seismic code (RPA99). As the latter is being revised, we

have used, to classify the recorded data provided by the Algerian and the European strong

ground-motion databases, the classification scheme proposed by Zhao et al. (2006).

The development of the strong motion database in Algeria is a fundamental step for any

application in the field of earthquake engineering. The main description parameters for

each record are magnitude, distance and soil class to describe respectively the source, path

and site effects. To date, the Algerian strong motion database contains 96 seismic events

(main shock and aftershocks) recorded since El Asnam earthquake 1980 (M = 7.3) up to

the Algiers earthquake in 2014 (M = 5.5). Two periods characterize the evolution of the

strong motion database. The first one, 1980–2000, is dominated by analog recordings as

analog instruments formed the bulk of the network. The second, 2003–2017, characterized

by the development of a new digital network of 125 instruments, made it possible to

densify the accelerograph national network and increase the quality and the quantity of the

database (more than 1000 accelerograms and more than 95% of digital data). The present

Algerian database which contains more than 1000 records including around 735 horizontal

components is used to derive the ground motion predictive equation for Algeria. This

database contains information on the main predictor variables used in our regression

analysis which are the available surface wave magnitude as evaluated by USGS and

converted to moment magnitude (Akkar et al. 2013), the hypocentral distance as it allows

accounting for both point sources and extended ruptures, also because fault geometries are

still unknown for most moderate-sized events in the region, and the soil class allowing a

better prediction of the seismic motion in the rock condition. The sismotectonic context in

Algeria is characterized mainly by reverse slip faults. Based on these definitions, the final

Algerian database used to derive a prediction model covers 3–6.8 moment magnitude and

5–150 km hypocentral distance ranges respectively. Data has been processed with the

Kinemetrics SWS (1989) and SMA (2001) softwares. Analog records were digitized using

a 600 dpi scanner (Skarlatoudis et al. 2002) and processed with the Kinemetrics scanview

software (1997). The sampling frequency for both digital and digitized analog data has

been set to 200 sps. The Trifunac method (Trifunac et al. 1973) used for data processing is

based on three steps: (1) instrument correction, (2) baseline correction of the acceleration

data, and (3) high-pass filtering of velocity and displacement, using an Ormsby filter. For

instrument correction the low-pass cut-off frequency of the Ormsby filter was set to 25 Hz

for the SMA-1, SSA-1, and ETNA, with a 3 Hz roll-off width. The corner frequency for
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both long-period baseline correction filtering and high-pass filtering of velocity and dis-

placement, depends mainly on the spectral signal-to-noise ratio of each component, and

has been estimated in the 0.12–0.2 Hz range with a roll-off width of 0.06 Hz and in the

0.2–0.3 Hz range with a roll-off width of 0.1 Hz for digital and analog data respectively.

Douglas and Boore (2011) and Akkar et al. (2011) showed that PSA can often be used up

to certain frequency higher than the high cut corner frequencies. According to Douglas and

Boore (2011), this apparent contradiction can be explained by the fact that PSAs are often

controlled by ground acceleration associated with much lower frequencies than the natural

frequency of the oscillator. Also, according to Akkar et al. (2011), one can confidently use

the spectral ordinates at periods beyond the low-cut corner period, for example, at a period

that is just over half of the low-period filter cut-off. In our study, the PSA is computed for

period ranging between 0.02 and 4.0 s.

However, since the distribution of Algerian data shows a lack of records for high

magnitudes and in order to get an appropriate magnitude-distance distribution to ensure

robust magnitude scaling one completed the database with 498 European strong motion

records (Ambraseys et al. 2000) and 158 American records collected from USGS and the

California Division of Mines and Geology (CDMG) strong motion databases with mag-

nitude ranging between 5.2 to 7.0 and 5.8 to 7.4 respectively. As revealed by the performed

analysis, the addition of regional data was necessary to predict reliable strong motion

parameters for a given magnitude-distance scenario and site class. In total, 1391 horizontal

components were selected with the assumption of the independence of the two horizontal

components. These records come from 153 earthquakes (Table 1). Statistically, the data

are for 52.84% of Algerian data, 35.80% of European data and 11.36% of American data.

All the data are from shallow crustal earthquakes in active regions (e.g. western North

America, Italy, Algeria, Greece, etc.) and has depths less than 30 km in such a way to

agree with the Algerian seismotectonic context.

3 Truncation distance

As underlined by many authors (Joyner and Boore 1981; Boore et al. 1997, 2014;

Fukushima and Tanaka 1990; Fukushima 1997; Fukushima et al. 2003), a selection criteria

with respect to the magnitude and distance associated with each data must be used. Indeed,

small events recorded far from the fault may disturb the data distribution and the regression

results may be biased. In this study, one used two criteria; the first one truncates the far-

distance data related to the type of recordings as shows in Fig. 3 (from Boore et al. 2014).

The second criterion truncates the far-distance data related to small events and predicted

to be less than 10 cm/s2 (Fukushima et al. 2003). To estimate the truncation distance, the

Fukushima et al. (2000) GMPE’s is used (Eq. 1).

log 7 � 0:42 �M� log Rþ 0:025 � 100:42M
� �

� 0:0033 � Rþ 1:22 ð1Þ

where the logarithm is base 10.

Table 2 shows the distribution of data between Algeria, Europe and the USA before and

after truncation process, as well as their relative percentage. One note that the truncation

has mainly influenced the Algerian low magnitudes data because the Algerian database

starts from the magnitude M = 3.0, whereas the other data start from the magnitude 5.2 for

Europe and 5.8 for USA. The almost parity between the number of local and regional data
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will allow both types of data to have a real impact on the prediction model and considering

the Algerian seismotectonic context through the integration of sufficient data recorded in

Algeria. Figure 4 shows the magnitude-distance distribution used to derive the spectral

model prediction before and after the truncation distance. It remains 1208 records that are

used to develop the ground motion predictive model for Algeria and neighboring regions

whose distributions are 46.03, 40.89 and 13.06% for Algeria, Europe and the USA

respectively. In order to test the impact of each category of data, two cases are study; the

first one is based on local data, which will serve to illustrate the limits of considering the

country’s borders only, and the second case consist of adding regional data in order to

investigate their influence on the reliability and robustness of the developed model.

4 Site classification

In earthquake engineering, the practice consists to categorize sites into different general

classes. Building codes have widely applied site classification schemes (such as surface

geology, average shear wave velocity over 30 m (Vs30) etc.) to classify the sites into

different categories (CEN 2004; RPA 2003, Building Seismic Safety Council (BSSC)

2000). The objective of site classification is to classify a group of strong-motion station

sites into several classes so that the conditions within the same site class are similar (Rock,

firm, soft, very soft). This makes it possible then to develop tools for engineers such design

spectra and GMPEs taking into account the specificity of each site.

In the recent years, it has been shown that NHV for noise and EHV for seismic motions

can supply useful information about the resonance properties of the shallow subsoil and

Fig. 3 Magnitude- and distance-dependent cutoff criteria for using records (Reproduced with permission
from Boore et al. 2014)

Table 2 Record distribution
between Algeria, Europe and the
USA

Before truncation After truncation

Algerian data 735 52.84% 556 46.03%

European data 498 35.80% 494 40.89%

USA data 158 11.36% 158 13.08%

Total 1391 100% 1208 100%
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represent a cost-effective tool for microzoning studies and site classifications and char-

acterization of accelerometric networks which represent an important field of potential

application of HVSR measurements. On the other hand, when the number of accelero-

metric sites is of the order of hundreds as for the case of the Algerian accelerograph

network, the application of intensive seismic surveys (e.g. cross-hole or down-hole)

requires funds beyond those commonly allocated on purpose. Presently, microtremor

measurements providing direct information on the resonance soil frequencies allow the

application of classification schemes alternative to those based on the single Vs30. In this

way, several alternative classification schemes have been proposed (Zhao et al. 2006;

Fukushima et al. 2007; Ghasemi et al. 2009; Di Alessandro et al. 2012; Beneldjouzi and

Laouami 2015) that are based on the use of fundamental/predominant resonance frequency

alone or in parallel to the Vs30.

Before this study, the Algerian data as well as the European and American data was

originally classified as rock or soil based essentially on geological data. In the present

study one adopts Zhao et al.’s method (2006). The site periods and corresponding fre-

quencies to determine site classes are given in Table 3. As soil descriptions are not used in

the present study, the four site classes are referred to as SC-I, SC-II, SC-III and SC-IV,
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Fig. 4 Magnitude-distance distribution of data used to derive the spectral prediction model

Table 3 Site natural period according to Zhao et al. (2006)

Site
class

Site natural period
(s)
Zhao et al. (2006)

Average shear wave
velocity (m/s)

Corresponding EC-
8 soil classes

Corresponding
RPA2003 soil
classes

SC-I Tg\ 0.20 s Vs30[ 600 A S1

SC-II 0.20 s B Tg\ 0.40 s 300\Vs30 B 600 B S2

SC-III 0.40 s B Tg\ 0.60 s 200\Vs30 B 300 C S3

SC-IV Tg C 0.60 s Vs30 B 200 D S4
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instead of rock, hard soil, soft soil, and very soft soil sites, respectively corresponding to

the following EC-8 (CEN 2004) soil classes A, B, C, and D and the Algerian soil classes

(RPA 2003) S1, S2, S3 and S4 respectively (Table 3). In the present study, one uses the

spectral ratio of horizontal and vertical components of earthquake records. Instead of

Fourier spectral ratios, one proposes to use ratios of 5% damped response spectra which

more advantageous than the Fourier spectra (Yamazaki and Ansary 1997; Zhao et al.

2006).

For each site, the H/V spectral ratio is computed following three steps: (1) select all the

accelerometric recordings and calculate the pseudo response spectrum for the three

components East–West, North–South and Vertical with a damping of 0.05 instead to use a

smoothing function (Zhao et al. 2006), (2) calculate the ratios H/V from the response

spectra North–South/Vertical, East–West/Vertical and the average of the two components,

(3) calculate the geometrical mean and the standard deviation (r) of the obtained spectral

ratios.

The database consists of Algerian data and foreign data. For local data, the sites names

and the record number per site are known. However, for foreign data, the station names are

not available, and the records are known individually, so in this study, all sites were

manually classified and an average H/V for each soil class is computed. In order to have

robust statistics, even European and USA earthquakes with magnitude lower than 5.2 are

used increasing the database to 1648 records. The average H/V is computed for each record

having three components. Then, when information about the name of the station or site is

available, the determination of the predominant period of each site was made after com-

puting the average H/V spectral ratio over the events recorded at this site; then, an average

curve and a standard deviation are associated with this site. This is the case for the Algerian

data. For the other data, the two horizontal components are preceded as independent and

the average H/V for each record is used. During the classification procedure, the observed

H/V amplification and the related frequency band width are compared to the period

intervals defined by Zhao et al. (2006) (Table 3). After achieving the classification of all

the database, classification results are grouped into the four soil classes SC-I, SC-II, SC-III

and SC-IV. The number of records in each soil class are shown in Table 4 and the

magnitude-distance distributions of the four soil classes are plotted in Fig. 5 (top), while in

Fig. 5 (bottom) are plotted the computed H/V spectral ratios, their means and ± sigma. In

the same figure, the site natural period intervals according to Zhao et al. (2006) are plotted

with vertical dashed lines. Analysis of Table 4 underlines relatively very interesting

samples from a statistical point of view. Indeed, except the soil class SC-IV which contains

a small number of data, the other soil classes contain a fairly large and representative

amount of data. Especially for the rock site class (SC-I) which is the basis for the

development of the prediction model.

Figure 6 describes the comparison between the geometrical mean H/V spectral ratios

and the associated standard deviations obtained for the 04 soil classes. The amplitudes and

the shapes of the mean H/V spectral ratios are significantly different among the four soil

Table 4 Number of records in
each soil class

Site class No of records EC-8 RPA99

SC-I 844 A S1

SC-II 390 B S2

SC-III 274 C S3

SC-IV 140 D S4
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classes. Figure 6a shows that the spectral ratios have peaks in the period range similar to

those of site periods that have been defined for each site class by Zhao et al. (2006)

(Table 3) and used in this study for the classification of the database. One can see that the

average spectral ratios have peaks around 0.15, 0.26, 0.44, and 0.8 s for SCI, II, III and IV

soil class respectively. This result demonstrates the accuracy of site classification per-

formed on the basis of H/V spectral ratios.

In Fig. 6b, the standard deviation values in the natural logarithm scale have an average

variation between 0.4 and 0.5. Indeed, the standard deviation and the peaks of the mean

H/V ratios are respectively 0.51 at 0.15 s for SC I, 0.38 at 0.26 s for SC II, 0.39 at 0.44 s
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for SC III and 0.51 at 0.8 s for SC IV. The largest standard deviation is for the soil class SC

IV because of the relatively small value of the data (Table 4).

Figure 7 compares the computed mean H/V and the standard deviation for the 04 soil

classes with the ones of Zhao et al. (2006). The mean spectral ratios show a good similarity

between the present study and Zhao et al. (2006) results despite the fact that different data

were used, namely Japanese and Euro-Mediterranean respectively. These results demon-

strate that the classification has been successful. The standard deviations are comparable

for soil classes SC I and SC II, and exhibit some differences for SC III and SC IV.

Moreover these results suggest that H/V spectral ratios can be used to assign site classes

for developing ground motion prediction equations. The effect of the standard deviation,

even if it is in the same order as obtained by other authors, may not be reliable in

estimating site terms of GMPEs, considering the large variability of these predictive

models.
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Table 5 Mean H/V and associated standard deviations obtained by Zhao et al. (2006) for the Japanese data,
Ghasemi et al. (2009) for Iranian data, Di Alessandro et al. (2012) for Italian data, and the present study

Period (s) Peak H/V Sigma

SC
I

SC
II

SC
III

SC
IV

SC
I

SC
II

SC
III

SC
IV

SC
I

SC
II

SC
III

SC
IV

Zhao et al. (2006) 0.15 0.25 0.40 0.80 2.50 3.00 4.10 3.70 0.47 0.50 0.26 0.29

Ghasemi et al.
(2009)

0.16 0.26 0.50 2.25 2.70 3.6 0.55 0.57 0.52

Di Alessandro et al.
(2012)

0.15 0.25 0.50 1.00 2.75 2.80 2.85 2.35 0.35 0.28 0.29 0.68

This study 0.15 0.26 0.44 0.80 2.10 2.80 3.85 3.58 0.47 0.38 0.39 0.51
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Table 5 shows a comparison with the mean H/V and associated standard deviations

obtained by Zhao et al. (2006) for the Japanese data, Ghasemi et al. (2009) for the Iranian

data and Di Alessandro et al. (2012) for the Italian data. The comparison shows that the 04

studies give relatively similar periods for the 04 soil classes (only 03 for Ghasemi et al.),

and small differences in regard to the H/V amplitudes at those periods. Otherwise, the

standard deviation found in this study is in the same proportion with the one found by Zhao

et al. (2006). For the Iranian data the standard deviation is more important, but for the

Italian data, it has a high value for the SC IV site class.

It is evident that the relatively small value of the data for the soil class SC IV, suggests

rejecting them from the GMPE. Therefore, one combines the SC III and SC IV soil classes

into a single class SC-3 (SC III plus SC IV).

5 Spectral ground motion prediction equation

The ground motion prediction equation express earthquake ground motion parameters as

function of simple parameters characterizing the earthquake source, the propagation path

between the earthquake source and the site, and the geologic condition beneath the site.

The general form of GMPE used in this study to predict the seismic motion in terms of

response spectrum, accounts for geometrical spreading, anelastic attenuation and geolog-

ical site condition. This model requires three parameters: magnitude, distance and site

condition. The regression follows the two-step method (Fukushima and Tanaka

1990, 1992), introduced by Joyner and Boore (1981), which considers independently the

magnitude and the distance. The GMPE describes the evolution of the spectral acceleration

for 5% damping, PSA(f), with respect to the magnitude, the hypocentral distance and the

soil classes, following Eq. (2):

log10 PSA fð Þ ¼ a fð Þ �Mw þ b fð Þ � d� log10 dþ c1;2;3 fð Þ þ r fð Þ ð2Þ

d being the hypocentral distance in km, and Mw the moment magnitude.

The anelastic attenuation coefficient b(f) is determined in the first step, and in the

second step, the magnitude coefficient a(f) and the site effect coefficients c1,2,3(f) are

computed. Coefficient c1 is for rock sites (SC-I), c2 for firm sites (SC-II) and c3 for

alluvium sites (SC-3). r(f) is the standard deviation, and f is the frequency in Hz. This

equation form is similar to the one used by Berge-Thierry et al. (2003) and Liu and Tsai

(2005). The model doesn’t take into account the saturation effect, nor the hanging wall or

the directivity effects, due to the absence of strong motion related with strong events in the

near fault in the considered region and particularly in Algeria. Table 6 presents the period-

dependent coefficients for median pseudo-spectral accelerations (5% damping for response

spectra) and the associated standard deviations for some selected periods. The variation of

the standard deviation r versus the period shows a standard deviation of the PGA around

0.28. Both the truncation distance with respect to magnitude and distance and the site

classification contributed to reducing the value of the standard deviation. For periods

higher than 1 s, one found positive values for b(f). However, according to the relationship

between Q(f) and the distance coefficient (Trifunac 1976), this correspond to a negative

Q(f). Spudich et al. (1997), Boore et al. (1997), Berge-Thierry et al. (2003) and Fukushima

et al. (2003) have also observed a similar result. Therefore, in their study, Spudich et al.

reset the negative Q value to zero. This assumption is adopted in this paper.
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Table 6 Regression coefficients for median pseudo-spectral accelerations (5% damping for response
spectra) and the associated standard deviations

T (s) a b c1 c2 c3 r

PGA 0.3872 - 0.0009 1.0240 1.0870 1.1390 0.2847

0.02 0.3796 - 0.0009 1.0820 1.1400 1.1930 0.2886

0.03 0.3551 - 0.0009 1.2700 1.3160 1.3570 0.2964

0.04 0.3370 - 0.0011 1.4540 1.4760 1.5200 0.3038

0.05 0.3281 - 0.0013 1.5740 1.5910 1.6320 0.3108

0.06 0.3275 - 0.0015 1.6240 1.6340 1.6670 0.3126

0.07 0.3370 - 0.0016 1.5990 1.6140 1.6410 0.3107

0.08 0.3390 - 0.0015 1.5980 1.6200 1.6540 0.3075

0.09 0.3442 - 0.0015 1.5850 1.6120 1.6460 0.3035

0.10 0.3494 - 0.0014 1.5650 1.5940 1.6260 0.3051

0.11 0.3593 - 0.0014 1.5230 1.5520 1.5840 0.3102

0.12 0.3726 - 0.0014 1.4560 1.4910 1.5100 0.3161

0.13 0.3857 - 0.0014 1.3810 1.4310 1.4380 0.3190

0.14 0.3958 - 0.0013 1.3160 1.3790 1.3800 0.3221

0.15 0.4083 - 0.0012 1.2280 1.3150 1.3030 0.3236

0.16 0.4236 - 0.0008 1.1190 1.2190 1.2020 0.3245

0.17 0.4375 - 0.0007 1.0250 1.1370 1.1160 0.3250

0.18 0.4513 - 0.0008 0.9311 1.0520 1.0380 0.3245

0.19 0.4620 - 0.0007 0.8489 0.9788 0.9736 0.3236

0.20 0.4714 - 0.0007 0.7725 0.9173 0.9139 0.3233

0.25 0.5048 - 0.0005 0.4849 0.6816 0.7009 0.3367

0.28 0.5303 - 0.0007 0.2897 0.4854 0.5295 0.3410

0.30 0.5460 - 0.0008 0.1773 0.3620 0.4166 0.3451

0.35 0.5843 - 0.0009 - 0.1081 0.0624 0.1420 0.3543

0.40 0.6077 - 0.0007 - 0.2898 - 0.1359 - 0.0186 0.3625

0.45 0.6311 - 0.0006 - 0.4857 - 0.3516 - 0.1996 0.3694

0.50 0.6512 - 0.0005 - 0.6473 - 0.5261 - 0.3591 0.3726

0.55 0.6712 - 0.0003 - 0.8268 - 0.7073 - 0.5457 0.3770

0.60 0.6832 - 0.0002 - 0.9384 - 0.8211 - 0.6542 0.3826

0.65 0.6977 - 0.0001 - 1.0510 - 0.9441 - 0.7661 0.3899

0.70 0.7192 - 0.0001 - 1.2140 - 1.1190 - 0.9355 0.3960

0.75 0.7316 - 0.0003 - 1.3240 - 1.2310 - 1.0560 0.3998

0.80 0.7428 - 0.0002 - 1.4260 - 1.3330 - 1.1660 0.4026

0.85 0.7550 - 0.0001 - 1.5370 - 1.4360 - 1.2800 0.4062

0.90 0.7650 0 - 1.6350 - 1.5280 - 1.3790 0.4072

1.00 0.7787 0 - 1.7900 - 1.6750 - 1.5310 0.4081

1.10 0.7910 - 0.0001 - 1.9240 - 1.8120 - 1.6600 0.4159

1.20 0.8057 - 0.0004 - 2.0520 - 1.9430 - 1.8030 0.4208

1.25 0.8123 - 0.0005 - 2.1130 - 2.0040 - 1.8690 0.4221

1.30 0.8177 - 0.0005 - 2.1710 - 2.0620 - 1.9340 0.4235

1.40 0.8276 - 0.0004 - 2.2800 - 2.1700 - 2.0560 0.4242

1.45 0.8301 - 0.0005 - 2.3070 - 2.1970 - 2.0850 0.4252

1.50 0.8355 - 0.0004 - 2.3730 - 2.2630 - 2.1560 0.4272
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6 Prediction results and discussions

6.1 Local versus regional data

An analysis is made to examine the contribution of regional data to local data on the

stability of the ground motion prediction equation. Two cases were studied. The first

considers only local data with a maximum magnitude of 6.8, and the second incorporates

European and few American data that contain magnitudes up to 7.4. In Fig. 8, the two

Table 6 continued

T (s) a b c1 c2 c3 r

1.60 0.8429 - 0.0004 - 2.4620 - 2.3520 - 2.2550 0.4289

1.65 0.8479 - 0.0005 - 2.5180 - 2.4140 - 2.3180 0.4292

1.80 0.8562 - 0.0006 - 2.6190 - 2.5220 - 2.4280 0.4325

2.00 0.8655 - 0.0010 - 2.7460 - 2.6520 - 2.5610 0.4386

2.20 0.8723 - 0.0010 - 2.8610 - 2.7600 - 2.6790 0.4392

2.40 0.8803 - 0.0011 - 2.9740 - 2.8610 - 2.7920 0.4393

2.50 0.8842 - 0.0011 - 3.0270 - 2.9130 - 2.8440 0.4396

2.60 0.8878 - 0.0012 - 3.0770 - 2.9630 - 2.8950 0.4408

2.80 0.8944 - 0.0011 - 3.1740 - 3.0580 - 2.9960 0.4463

3.00 0.9006 - 0.0011 - 3.2620 - 3.1480 - 3.0910 0.4503

3.20 0.9031 - 0.0012 - 3.3300 - 3.2170 - 3.1580 0.4538

3.30 0.9046 - 0.0012 - 3.3690 - 3.2570 - 3.1980 0.4549

3.40 0.9048 - 0.0013 - 3.3880 - 3.2740 - 3.2160 0.4552

3.60 0.9044 - 0.0014 - 3.4350 - 3.3170 - 3.2630 0.4562

3.80 0.9021 - 0.0015 - 3.4760 - 3.3530 - 3.3050 0.4562

4.00 0.8991 - 0.0015 - 3.5130 - 3.3870 - 3.3400 0.4536
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Fig. 8 PSA versus period for local and regional models
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cases are compared for the rock soil class SC-I. and for magnitudes M5, M6 and M7. The

variation of the PSA with period shows similar results for M5 and for Rjb = 10, 20, 30 km,

slightly different for M6 and for Rjb = 10, 30, 50 km, but for large magnitude (M7) and for

Rjb = 10, 50, 100 km, the local model overestimates the PSA.

In order to support the argument that not including the regional data in the database

leads to overestimated ground motions, one compute the residuals between the actual data

with the empirical predictions for both databases. Figures 9, 10 show graphs of the

residuals values, the difference between the observed and the predicted values, for local

and regional models, as function of magnitude (Fig. 9) and distance (Fig. 10) for PGA and

spectral acceleration for 0.5, 1.0, and 5.0 Hz natural frequency together with linear best-fit
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relations. With respect to magnitude no significant trends are observed for the full dataset.

For distance, apparent linear trends are found particularly at large distance ([ 100 km) at

0.5 Hz natural frequency in the case of regional data, while for local data, evident linear

trends are evidenced for 0.5, 1.0, 5.0 Hz and PGA demonstrating the overestimation of the

prediction model based on local data, as can be expected. This result confirms the

importance of considering regional data and the limitations of considering only local data.

As one of the key aspects of the analysis was the inclusion of regional data in the final

database, one plot in Fig. 11 the residuals values, for Algerian, European and American

data, as function of Magnitude and distance for PGA and spectral acceleration for 0.5, 1.0,

and 5.0 Hz natural frequency together with linear best-fit relations. With respect to the

magnitude, no significant trends are observed for the data categories (local, EU, USA). For

the distance, linear trends are found particularly at large distance ([ 100 km) for 0.5 Hz

natural frequency. This trend does not appear to be related to the origin of the data. This is

due to the reduced amount of data in this distance range. All the residuals plots show no

obvious dependence of the scatter on magnitude or distance. Despite the presence of some

relative scarcity of data at low frequencies (f = 0.5–1.0 Hz), this apparent constant bias is

common to all graphs of residuals for long period motions as related by Ambraseys et al.

(2005). For the PGA, the residual values do not exhibit any systematic bias associated to a

specific magnitude or distance.

6.2 Dependent period site coefficients

In order to estimate dependent period site coefficients for each soil classes, relative

amplification are computed with respect to a reference class, which was assumed to be the

SC-I soil class as follows:

ScII Tð Þ ¼ PSASC�IIðTÞ
PSA

SC�IðTÞ
for soil class SC-II and Sc3 Tð Þ ¼ PSASC�IIIðTÞ

PSA
SC�IðTÞ

for soil class SC-3.

Figure 12 shows the predicted site coefficients for soil classes SC-II (a) and SC-3

(b) compared with the associated mean spectral ratio H/V, and the ratio between the mean
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spectral ratio (H/V) and the site coefficient (c). From the plotted curves, the following

remarks can be done:

1. The predicted site coefficient have peaks in the period range similar to those of site

periods that have been defined for each site class by Zhao et al. (2006) (Table 3) and

used in this study for the classification of the database. One can see that the SC-II and

SC-3 show the maximum site coefficients of about 1.73 and 2.17 around 0.26 and 0.5 s

respectively. As indicated in Fig. 12a, b the site coefficients related to the PGA

(T = 0) are 1.22 and 1.43 for SC-II and SC-3 respectively. These values are in

agreement with the EC-8 soil parameters given in Table 7. As the obtained soil

coefficients were computed from the complete database, they are magnitude and

distance independent. However, the EC-8 soil parameters are magnitude dependent

and given for type 1 (M[ 5.5) and for type 2 (M\ 5.5). For comparison purpose, one

considers a mean value for each soil class. It appears that soil coefficients for soil class

SC-II (this study), soil class B (EC-8), SC-3 (which is the combination of SC III and

SC IV soil classes in this study) and soil class CD (C plus D in EC-8) are very similar.

2. The period dependent site coefficients appear to be close to the mean spectral ratio

H/V both in terms of spectral shape and peaks periods. This implies a good agreement

between the site classification and the model prediction.

Figure 12c shows ratios between the mean spectral ratio H/V and the period dependent

site coefficient computed for the soil classes SC-II and SC-3. For each soil class, the ratio is

plotted in bold for the period interval according to the Zhao’s site classification adopted in

this study. The intersection point between the two curves is in fact the period transition

between the soil classes SC-II and SC-3. It appears that these ratios are around 1.5 for both
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Table 7 Comparison between
soil coefficient for PGA from
EC-8 and this study

Soil class EC-8 This study

B C D SC-II SC-3

Type 1 1.20 1.15 1.35

Type 2 1.35 1.50 1.80

Mean 1.27 1.44 1.22 1.43
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the SC-II and SC-3 soil classes in theirs period intervals. Based on theoretical approach,

Kawase et al. (2011) developed relationship between the spectral ratio H/V and the transfer

function of a soil profile as follows:
H xð Þ
V xð Þ ¼

ffiffiffiffi
Vp

Vs

q
TF1 xð Þj j
TF3 xð Þj j where TF1(x) is a transfer function

for the horizontal motion due to the S wave, and TF2(x) is a transfer function for the

vertical motion due to the P wave, Vp and Vs are respectively the P and S wave velocities.

One can notice the similarity between the value of the ratio equal to 1.5 found in this study

and the ratio
ffiffiffiffiffiffiffiffiffiffiffiffi
Vp=Vs

p
which has a mean value around 1.4 and 1.6 respectively for soil class

SC-II and SC-3. In this comparison, one do not expect to find an analogy between the two

approaches, but only to explain the ratio found between the H/V spectral ratio and the

period dependent site coefficient.

6.3 Comparison to previous equations

The estimated ground motions from the equations derived in this study were compared

with some recent well-known GMPEs developed in the same sismotectonic context i.e.

shallow crustal earthquakes and active regions. The median estimations are compared to

Ambraseys et al. (2005), Boore and Atkinson (2008), Akkar et al. (2010, 2013) and Boore

et al. (2014). Three magnitude levels (M5, M6 and M7) are used in the comparisons that

can encompass small, moderate and strong earthquakes in Algeria and surrounding regions.

As indicated beforehand, the developed ground motion prediction equation considers the

hypocentral distance. However, the most recent models incorporate the Joyner and Boore

or the rupture distance. Also, for an appropriate use of the proposed model one performs

conversion between the hypocental distance Rhyp and the ‘Joyner-Boore’ distance Rjb

(Sabetta et al. 2005). Based on the work of Sabetta et al. (2005; Table 7) one derive the

following empirical relationships for small, moderate and large magnitudes (Fig. 13).

Figure 14 shows the predicted peak ground acceleration (PSA at T = 0 s) and spectral

acceleration at 1.0 s natural period with distance for M = 5, 6 and 7 reverse faulting

earthquakes at a rock site. For small earthquake (M = 5.0), one observes a large variability

between the models which could be due to the lower magnitude bounds considered by the

different GMPE’s. In this study, the lower magnitude limit is M3, the same value as Boore

et al. (2014), while those used by Ambraseys et al. (2005), Boore and Atkinson (2008),

Akkar et al. (2010, 2013) are between M4 and M5. This aspect was underlined recently by
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Akkar et al. (2013) and Boore et al. (2014) who pointed out that the predicted accelerations

are overestimated for largest lower magnitude limit.

The comparison with the published models in term of PGA and spectral acceleration for

1.0 s natural frequency reveals different trends. At short distance, the proposed GMPE for

Algeria predicts relatively smaller peak ground acceleration up to 10, 20 and 30 km for

magnitude M5, M6 and M7 respectively. For large distances and especially for M5, the

model seems to overestimate the PGA. This result can be explained by the M-R distri-

bution (Fig. 4) which reveals a lack of data for distances greater than 40 km associated

with magnitude M5. Globally, the proposed model is closer to the models of Boore et al.

(2014) and Akkar et al. (2013).

Figure 15 shows the predicted peak spectral acceleration versus period for M = 5, 6

and 7 reverse faulting earthquakes at rock (SC-I) site. In order to consider the accelerations

which have an effect and comparable to the minimum required by the seismic engineering
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codes, comparison with Ambraseys et al. (2005), Boore and Atkinson (2008), Akkar et al.

(2010, 2013) and Boore et al. (2014) are performed for Rjb = 5, 20, 30 km and M = 5.0,

for Rjb = 5, 30, 50 km and M = 6.0, and for Rjb = 5, 50, 100 km and M = 7.0. For

example, for (M, Rjb) = [(5.0, 30), (6.0, 50), (7.0, 100)] the predicted average acceleration

is around 0.03 g which is lower than the lower acceleration required by the Algerian

seismic code (0.07 g). For small distances (R = 5 km), the model predicts spectral

accelerations slightly lower than the other models, but closer to the models of Akkar et al.

(2013) and Boore et al. (2014), for the three considered magnitudes. For the intermediate

and large distances, and for the magnitudes M5 and M6, a good similarity is observed with

the models of Akkar et al. (2013) and Boore et al. (2014) for periods beyond 0.2 s.

However, for the magnitude M7, the model predicts spectral accelerations closer to the

models of Akkar et al. (2010) and Ambraseys et al. (2005). Figure 16 shows the period-

dependent variation of the total standard deviation for the GMPEs derived in this study and

compared to those of Ambraseys et al. (2005), Boore and Atkinson (2008), Akkar et al.

(2010, 2013) and Boore et al. (2014). In the period range up to 0.23 s, one observes a good

similarity between the models. Beyond, our sigma increases with the period, probably due

to the amount of small M data. The Boore and Atkinson (2008) model constitutes the lower

bound of the six set of GMPEs.

The quantification of site effects was clearly demonstrated by the computation of period

dependent site coefficients for soil classes SC-II and SC-3 (Fig. 12). Their effects were

then analyzed on the predicted spectral accelerations and compared to the published

models. The comparison is appropriate with Akkar et al. (2010) and Ambraseys et al.

(2005) models because they use the same definition of the site effect based on soil class.

However, for Boore and Atkinson (2008), Akkar et al. (2013) and Boore et al. (2014), the

site effect is introduced via the time averaged shear wave velocity at 30 m, Vs30, and is

therefore site specific.

Figure 17 shows the comparison of estimated ratio of horizontal response spectral

acceleration for ground motions on soft soil sites (SC-3) and rock sites (SC-I) (Fig. 17a)

and on stiff soil sites (SC-II) and rock sites (SC-I) (Fig. 17b), derived in this study, with

those of Ambraseys et al. (2005) and Akkar et al. (2010) as those two models used the

same definition of site effect related to soil class, while the models of Akkar et al. (2013)

and Boore et al. (2014) use site-specific shear wave velocity Vs30. The maximum of the site

coefficient is reached for soft soil (SC-3) at 0.5 s for the proposed model, and at 1.3 and
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1.5 s for Akkar et al. (2010) and Ambraseys et al. (2005) models respectively, and for firm

soil (SC-II), it is reached at 0.26 s for the proposed model and at 1.0 and 1.2 s for Akkar

et al. (2010) and Ambraseys et al. (2005) models respectively. This comparison reveals that

the site effect predicted by the proposed model agrees with the soil classification defined

for each site class by Zhao et al. (2006) (Table 3) and used in this study for the classifi-

cation of the database. However, the site effect predicted by Ambraseys et al. (2005) and

Akkar et al. (2010) do not allow distinguishing between the firm (SC-II) and soft (SC-3)

soil classes with regard to the frequency content. It can also be pointed out that the site

coefficient derived from our model is higher than those given by the two other models, for

periods ranging between 0.1 and 0.5 s for both SC3 and SCII. One investigates the

implication of the site effect coefficients on the predicted spectral acceleration. Figure 17c

compares the peak spectral acceleration versus period obtained for soil classes SC-I, SC-II

and SC-3. The results for site response effects look perfectly reasonable.

How the proposed model takes into account site effects for soil classes SC-II and SC-3

is shown in Figs. 18 and 19 through a comparison with the models of Ambraseys et al.

(2005) and Akkar et al. (2010). The comparison is made for the same magnitudes and

distances as in the case of the rocky site. For small, moderate and strong earthquake
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(M = 5, 6 and 7) at near distance (Rjb = 5 km), and for soil classes SC-II and SC-3, the

predictions of the proposed model are below the equations of Akkar et al. (2010) and

Ambraseys et al. (2005). This is the same trend as in the case of the soil class SC-I.

For small and moderate earthquake (M = 5, 6), and for intermediate (Rjb = 20, 30) and

far distance (Rjb = 30, 50), our predictions for soil class SC-II are globally similar to those

of Akkar et al. (2010) for period up to 0.2 s and below after. However, for strong earth-

quake (M = 7), at Rjb = 50 and 100 km, our predictions are similar to both Ambraseys

et al. (2005) and Akkar et al. (2010). For soil class SC-3, a good similarity can be noticed

with the model of Akkar et al. (2010). One would have liked to extend this comparison to

the other models considered in this study. Unfortunately, because of their definitions of site

effects based Vs30, different from ours which is based on coefficients related to soil classes,

the comparison would have been biased.

It seems through this comparison that the model developed from a database that con-

tains more than 50% of local records predicts slightly lower peak ground accelerations than

the other models in near distances. Moreover, in the context of the assessment of the

regional seismic hazard in Algeria, these results show that the models that can be used in

the Algerian seismotectonic context are those of Boore et al. (2014) and Akkar et al.

(2013), while the Ambraseys et al. (2005) and Akkar et al. (2010) GMPEs seem to

overestimate the spectral accelerations.

7 Conclusion

In the framework of Algeria’s seismic hazard assessment, a new spectral ground motion

prediction equation is derived, using 1391 strong motions database, which contains more

than 700 data recorded in Algeria completed with a similar number of Mediterranean

region data and few American data. In this study, one used a site classification approach

based on the predominant period computed from average H/V spectral ratio. Three soil

classes for the calculation of the empirical spectral ground motion prediction relations are

considered: rock, firm and soft. From the obtained results, one can make the following

conclusions:
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1. Statistically, the database used in this study is constituted by 52.84% of Algerian data,

35.80% of European data and 11.36% of American data. All the data are from shallow

crustal earthquakes in active regions with depths less than 30 km to agree with the

Algerian seismotectonic context.

2. A selection criteria with respect to the magnitude and distance associated with each

data was used. This operation allows to prevent small events recorded far from the

fault may disturb the data distribution and the regression results may be biased.

3. Classification site results, grouped into the four (04) soil classes SC-I, SC-II, SC-III

and SC-IV, underline very interesting samples from a statistical point of view: 844,

390, 274 and 140 data for SC-I, SC-II, SC-III and SC-IV respectively.

4. The amplitudes and the shapes of the mean H/V spectral ratios are remarkably

different among the four soil classes. The spectral ratios have peaks in the period range

remarkably similar to those of site periods that have been defined for each site class by

Zhao et al. (2006) and used in this study for the classification of the database.

5. A comparison with the mean H/V and associated standard deviations obtained by Zhao

et al. (2006) for the Japanese data, Ghasemi et al. (2009) for Iranian data and Di

Alessandro et al. (2012) for Italian data shows that the 04 studies give relatively

similar periods for the 04 soil classes, and small differences with regard to the H/V

amplitudes at those periods. Otherwise, the standard deviation found in this study is in

the same proportion with the one found by Zhao et al. (2006).

6. The analysis of the effect of the local versus regional data on the reliability of the

derived ground motion prediction equation shows the importance of completing the

local database by regional records instead of being limited to local records only, which

can give misleading results.

7. Dependent period soil coefficients which are the relative amplification with respect to

the rock soil class are derived for SC-II and the SC-3 soil classes. The obtained results

appear to be close to the mean spectral ratio H/V in terms of spectral shape and peaks

periods. This implies a good agreement between the site classification and the model

prediction, and underlines a direct relationship between the H/V spectral ratio and the

period dependent site coefficient.

8. Comparisons with the GMPEs of Ambraseys et al. (2005), Boore and Atkinson (2008),

Akkar et al. (2010, 2013) and Boore et al. (2014) show that the proposed model

predicts slightly lower accelerations than the other models in short distances.

Otherwise, it predicts spectral accelerations close to Akkar et al. (2013) and Boore

et al. (2014). Consequently, Boore et al. (2014) and Akkar et al. (2013) GMPEs seem

to be the most appropriate, with the developed model, for a better quantification of the

seismic hazard in Algeria.

9. Finally, residual analysis with respect to magnitude shows no significant trends for the

full dataset. For distance, apparent linear trends are found particularly at large distance

([ 100 km) for 0.5 Hz natural frequency.
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