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Abstract—This study presents a probabilistic seismic hazard

assessment for the central part of northern Algeria using two

complementary seismic models: a fault-based model and a gridded

seismicity model. Two ground-motion attenuation equations were

chosen using the Pacific Earthquake Engineering Research Center

Next-Generation models, as well as local and regional ones. The

ranking method was used to assess their ability to gather accurate

data. To account for epistemic uncertainty in both components of

the assessment, the seismic hazard was computed using a logic tree

approach. Expert judgment and data testing were used to evaluate

the weights assigned to individual ground-motion prediction

equations. The seismic hazard maps depicted the obtained results in

terms of spectral accelerations at oscillation periods of 0.0, 0.2, and

1.0 s, with 10% and 5% probabilities of exceedance in 50 years,

and for soil types B, B/C, C, and C/D, as defined by the National

Earthquake Hazards Reduction Program. From the analysis, the

uncertainty is expressed as both a 95% confidence band and the

coefficient of variation (COV). Annual frequencies of exceedance

and hazard curves were estimated for the selected cities, as well as

uniform hazard spectra for the previously quoted probabilities of

exceedance and the soil types considered. Peak ground acceleration

values of 0:44 � 0:17 g and 0:38 � 0:06 g were reported for the

B/C soil type in the cities of Algiers and Blida, respectively, for a

return period of 475 years. Seismic maps for the selected return

periods depicting the classification of the estimated values are also

displayed in terms of very high, high, medium, low and very low

degrees of reliability. Furthermore, a seismic hazard disaggregation

analysis in terms of magnitude, distance, and azimuth was carried

out. The primary goal of such analyses is to determine the relative

contribution of different seismic foci and sources to seismic hazard

at specific locations. Thus, for each studied city, for the considered

return periods and for the soil type B/C, the so-called control or

modal earthquake was estimated. At Algiers, events with magni-

tudes Mw 5.0–5.5 and distances of less than 10 km contribute the

most to the mean seismic hazard over a 475-year period. However,

for the same return period, those events with Mw 7.0–7.5 and

located between 10 and 20 km away contribute the most to the

seismic hazard at Tipaza.

Keywords: Fault-based model, gridded seismicity model,

seismic hazard, uniform hazard spectra, disaggregation, control

earthquake, Algeria.

1. Introduction

Several damaging earthquakes have occurred in

the central part of northern Algeria during recent

times, indicating a high level of seismic activity

(Hamdache et al., 2010). The May 21, 2003 (Mw 6.9)

Zemmouri earthquake, which occurred about 50 km

northeast of Algiers, was among the most significant.

The earthquake of August 1, 2014 (Mw 5.5) hit the

region of Algiers, with the surrounding areas shaken

by this low- to moderate-magnitude earthquake.

Regarding this seismic activity, the interest of the

scientific community in the mitigation of destructive

earthquakes and related seismic risk assessment

investigations of urban areas in northern Algeria is

steadily growing. As a result, various studies have

been conducted in the past to assess the seismic

hazard in major cities in the central part of northern

Algeria. Among these studies are Benouar (1996) and

Gherboudj et al. (2014) for Algiers, and Hamdache

et al. (2012) for the most important cities in northern

Algeria. The issue of urban planning, according to

Mandal et al. (2013), is to estimate the ground-mo-

tion effects related to various sources and site

characteristics with an acceptable level of confidence,

not only for a single site, but also for all places with

an acceptable level of reliability.
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The probabilistic seismic hazard assessment

(PSHA) method was developed in the 1960s (Cornell,

1968) and is largely considered the state-of-the-art for

seismic hazard evaluation in most regional, national,

and international seismic regulations all over the

world. Active fault-source identification and presen-

tation is becoming more common in probabilistic

seismic hazard evaluations, and this practice is

growing in acceptance (e.g., Pace et al., 2016; Visini

et al., 2020). As a result, the current study focuses on

estimating seismic hazard in the central part of

northern Algeria, which lies between 1.5� and 4.0� E

and 34.5� to 37.5� N, using a fault-based source

model and a gridded seismicity model. As well as the

assessment of uncertainties affecting estimated val-

ues, which is becoming increasingly desirable.

A site-specific seismic hazard assessment was

carried out for the main selected cities, taking into

account the average shear wave velocity for the upper

30 m of the soil, VS (30), according to Shumway

et al. (2018) and following the National Earthquake

Hazards Reduction Program (NEHRP) classification

(BSSC, 2003). Peak ground acceleration (PGA) and

spectral acceleration (SA) values for oscillation

periods of 0.2 and 1.0 s, estimated at 5% and 10%

probability of exceedance in 50 years, and for soil

conditions with VS (30) equal to 760 m/s are repre-

sented on computed seismic hazard maps. Hazard

curves as well as the uniform hazard spectra (UHS)

for selected cities were also assessed for the previ-

ously stated return periods. The computed UHS, as

well as the seismic hazard values, have been calcu-

lated for the NERHP B, B/C, C, and C/D site classes,

corresponding to VS (30) values of 1150, 760, 537

and 360 m/s, respectively (Shumway et al., 2018).

The soil classification proposed in the Algerian

building code (RPA99, 2003) is slightly different.

Four site classes are proposed and denoted as S1, S2,

S3 and S4, with corresponding shear wave velocity

(VS) range given by C800, 400–800, 200–400, and

100–200 m/s, respectively. For instance, according to

RPA99 (2003), site class S1 is for rock soil

(Vs � 800 m=s), and site class S2 is defined as

deposits of very dense sand and gravel and/or over

consolidated clay 10 to 20 m thick, with VS C 400

m/s from 10 m depth. Similarly, the S3 site class is

defined as thick deposits of moderately dense sands

and gravels or moderately stiff clay with

Vs � 200 m=s from a depth of 10 m, and the S4 site

class is defined as sand deposits with or without the

presence of soft clay layers with Vs\ 200 m=s in the

first 20 m; soft to moderately stiff clay deposits with

Vs\ 200 m=s in the first 20 m. As can be seen, the

proposed classification does not refer explicitly to the

VS (30) as the average shear wave velocity for the

upper 30 m of the soil, making it inappropriate for

use in the recent ground-motion prediction equations

(GMPEs). According to Shumway et al. (2018), they

must include a term for VS (30) or be accompanied by

other relationships, such as the amplification values

that transfer their equations from a VS (30) of 760 m/

s to soil conditions. The values proposed by Shum-

way et al. (2018), adopted in the current study and

used for the 2014 National Seismic Hazard Model

(Petersen et al., 2015), are considered to be more

consistent with building codes, which require the VS

(30) for site class centers as well as site class

boundaries.

The obtained results are also expressed in terms of

an overall 95% confidence band and an overall

coefficient of variation (COV) for both return times

and soil type B/C, based on the uncertainty analysis.

Seismic maps depicting the classification of esti-

mated values for the selected return periods are

displayed in terms of very high, high, medium, low,

and very low degrees of reliability for the selected

return periods. The UHS and their standard deviation

curves, as well as the seismic hazard curves and their

95% confidence limits, are displayed for each studied

city and for the selected return periods. In addition,

the contribution of different earthquake scenarios of

magnitude–distance combinations (M, D) to seismic

hazard values at specific places is evaluated. The so-

called control earthquake (Berneuter, 1992) or modal

earthquake is derived and analyzed using a disag-

gregation analysis (Chapman, 1995). The seismic

hazard also is disaggregated for the considered sites

in terms of longitude and latitude (e.g., azimuth) to
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quantify the contribution of the grid cells covering

the study area.

2. Earthquake Catalog, Seismicity

and Seismotectonic Context

The studied area, situated in the central part of

northern Algeria, is geographically located in the Tell

Atlas (see Fig. 1). This important geological structure

is the result of the collision triggered by the opening

of the Algero-Provençal Basin within the Nubian

Plate during the Early Miocene. It is likely also

combined with a northward-dipping subduction pro-

cess of the Nubian Plate (Peláez et al., 2018a, b). The

current tectonic features are mainly presented as NE-

SW to E-W on-shore and offshore folds and thrust

faults (e.g., Déverchère et al., 2005; Morel &

Meghraoui, 1996).

Figure 1
a Seismicity (Mw C 4.0 from 1950) and b computed focal mechanism solutions (Mw C 3.0) in the study area. c Lower-hemisphere equal

area stereoplot (Peláez et al., 2018a), including associated slip lines, depicting the stress regime in the region. F1: Sahel Fault. F2: Zemmouri

Fault. F3: Blida Fault
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This region has experienced several damaging

earthquakes in the past. Some examples are the Jan-

uary 03, 1365, and May 05, 1716 earthquakes, both

felt with intensity X (European Macroseismic Scale,

EMS-98) (Harbi et al., 2007). Another historical

event is the earthquake that occurred on March 02,

1825, with a felt intensity of X-XI on the Modified

Mercalli Intensity (MMI) scale. The most recent

damaging earthquake that occurred in the studied

region was the May 21, 2003 (Mw 6.9) event

(Hamdache et al., 2010; Peláez et al., 2006b). Its

epicenter was located in the eastern part of the

Mitidja Basin. This basin is an E-W elongated coastal

intermountain Quaternary Basin affected by an N-S

to NNW-SSE-trending shortening (e.g., Maouche

et al., 2011; Meghraoui & Doumaz, 1996). From the

north, this basin is bounded by the Sahel Ridge,

which runs along the Mediterranean coast and links

the Chenoua to the Algiers-Bouzareah Massifs. A

60–70 km-long, NW-dipping blind thrust fault

delimits this structure from the northern side (e.g.,

Meghraoui, 1991). However, from the south, the

ENE-WSW-trending Blida fault system delimits the

Mitidja Basin. This en echelon reverse fault system is

located at the foot of the Blidean Atlas Mountains,

showing Mesozoic to Cenozoic formations over

thrusting the Neogene and Quaternary layers (Yelles

et al., 2009) (Fig. 1b).

As previously stated, the Sahel anticline extends

along the northern edge of the Mitidja Basin, hiding

approximately 60–70 km of NW dipping thrust fault,

the westernmost portion of which, according to

Meghraoui (1991), was reactivated during the 1989

Tipaza earthquake (Mw 5.9). Belabbes et al. (2009)

argue that due to the InSAR investigation and mod-

eling of the 2003 Zemmouri earthquake rupture,

because the two edges of the basin have been reac-

tivated, during the 1989 Tipaza earthquake and 2003

Zemmouri earthquake, the central sections of either

the Sahel anticline or the Blida thrust fault system

must accommodate shortening movements. They

explained that these structures could contribute to the

seismic hazard assessment.

The earthquake data file compiled for northern

Algeria by Hamdache et al. (2010) and updated

through December 2018 is used in the current study.

An updated Poissonian earthquake data file is an

essential component in conducting a valid PSHA

study since it is the first step in developing and

describing a reliable and representative seismic

source model. The initial earthquake data file was

assembled from a wide range of original data sources.

The final result is a unified earthquake data file in

terms of magnitude, spatial extent of 32� and 38�
latitudes, 3�W and 10�E longitudes, and a time span

of AD 856 to June 2008, which Hamdache et al.

(2010) compiled by analyzing several published

papers, bulletins, and data sources. It is worth noting

that several fitting relationships between the reported

magnitudes, maximum intensities, and moment

magnitude were employed during the preparation of

this catalog, in order to carry out the magnitude

homogenization in terms of the moment magnitude

scale (Mw). In the case of the reported size of the

event was the maximum intensity, the equivalent

magnitude was computed from the Mezcua (2002)

relationship.

Mw ¼ 0:96 þ 0:6 Imax: ð1Þ

In this last case, and for offshore locations, epi-

central intensity was calculated using the maximum

intensity onshore and the intensity attenuation rela-

tionship developed by López Casado et al (2000).

Whereas, for earthquakes with reported Ms or mb

magnitude, the relationships by Johnston (1996) were

used to calculate the equivalent seismic moment, and

then the magnitude MW was derived using the rela-

tionship by Kanamori (1977)

log M0 ¼ 24:66 � 1:883 MS þ 0:192 M2
S ;

ð3:5\MS\7:5Þ;
ð2Þ

log M0 ¼ 18:28 � 0:679 mb þ 0:077 m2
b;

ð3:5\mb\6:5Þ:
ð3Þ

Finally, the relationship by Rueda and Mezcua,

(2002) was used to convert the magnitude mbLg to the

magnitude Mw

Mw ¼ 0:311 þ 0:637 mbLg þ 0:061 m2
bLg;

ð1:7\mbLg\5:7Þ:
ð4Þ

It is worth noting that, according to Bakun (1984)

and Heaton et al. (1986), the equivalent moment

magnitude for earthquakes with a reported ML
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magnitude computed from the duration of the record

is roughly identical to this value.

Figure 1a depicts the spatial distribution of seis-

micity for earthquakes with magnitudes greater than

MW 4.0. Figure 1b shows the computed focal mech-

anism distribution of earthquakes in the study area

using the focal mechanism data file compiled by

Peláez et al. (2018a, 2018b). Furthermore, the stress

regime pattern for those delineated sources was

computed using the available focal mechanism solu-

tions from the Delvaux and Sperner (2003) inversion

method using the Win-Tensor
TM

software. Figure 1c

depicts the lower-hemisphere equal-area stereo plots

of the focal planes selected for the study area. The

dominating stress field in the examined region,

according to Peláez et al. (2018a, b), is a NNW-SSE

trending pure compressional regime.

The next step was to remove any dependent (non-

Poissonian) earthquakes (foreshocks, aftershocks, and

seismic swarms). The procedure by Gardner and

Knopoff (1974) was used in accordance with the

specific temporal and spatial windows introduced by

Hamdache et al (2010). The statistical approach to

completeness assessment began with the work by

Stepp (1972). Several methods are frequently used to

analyze the completeness of a catalog, all of which

are based on the assumption that earthquakes with

magnitudes greater than a given value exhibit Pois-

sonian behavior, implying that the earthquake file, or

catalog, should be declustered before performing any

completeness analysis. A comprehensive review of

existing methods is beyond the scope of this study.

Some examples are given, including those by

Albarello et al. (2001) and Mignan and Woessner

(2012). In the current study, as in Peláez et al. (2003)

and Hamdache et al. (2010), the approach developed

by EPRI (1986) is used to derive the threshold

magnitude of the earthquake data file. This procedure

is similar to the approach used by Salazar et al.

(2013) based on the Tinti and Mulargia (1985)

method. It appears suitable to apply this visual

approach to the current study, suggesting that earth-

quakes above a given magnitude are complete and

Poissonian if the cumulative annual number above

the given magnitude is approximately linear.

Thus, the completeness catalog and the Poisso-

nian character can be inferred from Fig. 2a, depicting

the cumulative number of earthquakes above mag-

nitude Mw 4.0, 5.0, 5.5 and 6.0. It appears that

magnitudes Mw 4.0 and 5.0 are likely complete and

Poissonian since 1925 and 1900 for the whole data

file, with rates of 7.71 and 2.15 events/year, respec-

tively, and that magnitudes Mw 5.5 and 6.0 are likely

complete and Poissonian since 1885 and 1855 with

rates of 0.81 and 0.21 events/year, respectively. In

recent years, there has been an increase in the number

of events with a magnitude greater than Mw 4.0 (up

to 29.82 events per year). This increase could be

related to the improvement of the Algerian seismo-

logical network (Yelles-Chaouche et al., 2007) and

consequently to the improvement of the data quality,

enabling the location of earthquakes with a magni-

tude in the range of 4.0 to 4.5.

In Peláez et al., (2018a, b), each area zone-source

of the proposed seismogenic model has been char-

acterized by different seismic parameters in order to

compute its earthquake recurrence. They are the

mean annual activity rate above magnitude Mw 4.0,

the b-value of the Gutenberg-Richter recurrence

relationship, and the regional maximum earthquake

magnitude mmax. In the present study, it is assumed

that the distribution of the number of earthquakes

with respect to their magnitudes follows the classical

and well-known Gutenberg-Richter relation (Guten-

berg & Richter, 1944). We used the estimated

parameters calculated by Peláez et al., (2018a, b),

using the Weichert method (Weichert, 1980). Thus,

Fig. 2b displays for the studied area the non-cumu-

lative and the truncated cumulative frequency. The

estimated parameters are given by b ¼ 0:78 � 0:08

and a ¼ 3:44 � 0:41. The maximum regional

magnitude is estimated using a parametric approach.

This method is widely used when a parametric model

of the frequency-magnitude distribution is provided,

as in the current study, where the classic Gutenberg-

Richter relationship is assumed valid. Among the

different methods described in Kijko (2004), Kijko

and Singh (2011) and Kijko et al. (2016), we have

used the Kijko–Sellevoll and Tate–Pisarenko esti-

mators, based on the exact solution of Cook’s generic

equation (Cook 1979). Thus, the estimated value for

the studied area is given by mK�S
max ¼ 7:67 � 0:62

and mT�P
max ¼ 7:80 � 0:10, corresponding to Kijko–

Sellevoll and Tate–Pisarenko estimators,
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(a)

0.78 0.08
3.44 0.41

b
a
� �
� �

(b)

Figure 2
a Number of earthquakes above magnitudesMW 4.0, 5.0, 5.5 and 6.0 vs. time showing different completeness periods. d Cumulative and non-

cumulative frequency of magnitude events above Mw 4.0 for the studied area
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respectively. These two estimated values are very

close, and we consider that it is reasonable, in a

conservative way, to adopt for the studied area the

value mmax ¼ 7:80 � 0:10.

3. Fault-Based Seismic Hazard

Since there are many faults within the defined

area, the current work focuses on modeling the active

faults that have already been reported. In this area,

three primary faults were located and deemed active,

as well as specified with accurate characteristics.

They are the so-called Sahel, Blida, and Zemmouri

Faults (see Fig. 1b). The Sahel and Blida Faults,

respectively, describe the northern and southern

borders of the Quaternary Mitidja Basin, whereas the

Zemmouri Fault is located offshore, towards the

northeastern edge. Several studies have looked into

the Sahel anticline, such as that by Maouche et al.

(2011), which looked at the uplift rate of the Sahel

anticline and the uplift rate of the Zemmouri earth-

quake area. The slip-range derived through

paleoseismological investigations by Heddar et al.

(2013) is similar to the results obtained at the Sahel

anticline. They also complement the previous study

by Belabbes et al. (2009), which used joint inversion

of interferometric synthetic aperture radar, coastal

uplift, and GPS data to model the Zemmouri earth-

quake. Cetin et al. (2012) additionally give a detailed

analysis of the deformation in the Zemmouri area by

analyzing the InSAR time series covering 7 years of

post-seismic deformation following the 2003 Zem-

mouri earthquake. The investigated area is also

included in the seismogenic source zone model uti-

lized by Sparacino et al. (2020) to relate to the

geodetic deformation versus seismic crustal moment

rates, deriving results in accord with those quoted

previously.

It is worth noting, as seen previously, that the b-

value for the entire zone has been estimated to be

equal to b ¼ 0:78 � 0:08. The previously described

fault parameter data are used and converted into

seismic hazard models, using the method described

by Pace et al. (2016) and Visini et al. (2020). The

procedure allows one to derive for each fault the

maximum magnitude Mmax, the mean recurrence time

Tmean of the magnitude Mmax and the seismic moment

rate M0rate. Additionally, the b-value derived for the

entire zone is used in the procedure, which computes

the a-value to balance the total seismic moment rate

with the seismic moment rate that was obtained by

the pair Mmax and Tmean. As pointed out by Pace et al.

(2016), the obtained output file includes the annual

rates for each magnitude bin above the threshold

magnitude. The bin is an arbitrary choice, usually

equal to 0.1.

Table 1 shows the paleoseismological data

given by Heddar et al. (2013) for the considered

Sahel Fault. As mentioned previously, these data

were used to derive the mean recurrence time Tmean

and its standard deviation rTmean
for that fault, fol-

lowing the procedures developed by Pace et al.

(2016) and Visini et al. (2020). Accordingly, the

CV (coefficient of variation) ratio, as defined by

Peruzza et al. (2010), can be estimated as the fol-

lowing: CV ¼ rTmean
=Tmean. Thus, the obtained

Table 1

The youngest and oldest year of occurrence for each recognized

event at Sahel Fault, taken from Heddar et al. (2013)

Interval range

Event 1 1727 1779

Event 2 1455 1654

Event 3 1304 1365

Event 4 1171 1211

Event 5 778 897

Table 2

Mean recurrence time of Mmax

Mean return period

Tmean Deviation

Arithmetic mean 238 CV ¼ 0.51

Brownian Passage Time (BPT) distribution

(a = 0.42)

233

Weibull (W) distribution (a = 267,

b = 2.58)

239 CV ¼ 0.41

Poisson distribution 233

CV corresponds to the coefficient of variation of Tmean for Sahel

Fault
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arithmetic mean recurrence time for the Sahel

Fault, was found to be equal to 240 years with a

CV ratio equal to 0.51. Using the Brownian Pas-

sage Time (BPT) distribution (Matthews et al.,

2002), it is equal to 230 years. The mean recur-

rence time was estimated to be equal to 240 years

when using the Weibull distribution (Patel et al.,

1976) with a CV ratio equal to 0.41, whereas when

using the Poissonian distribution, it is equal to

230 years. The obtained results are summarized in

Table 2. Using the tabulated fault parameters given

in Table 3, i.e., the rupture fault length, the dip, the

slip range, and the time of the last earthquake

occurrence, the procedure used also allows the

estimation of different maximum possible magni-

tudes. According to the IASPEI (2005) standard

formula the MM0 magnitude is derived, the MRLD

magnitude is estimated from the maximum sub-

surface fault length, the MRA magnitude is

calculated from the maximum rupture area deduced

from the empirical relationship of Wells and Cop-

persmith (1994), and the MAR magnitude, named

magnitude aspect ratio by Pace et al. (2016), based

on the Peruzza and Pace (2002) aspect ratio rela-

tionship. Table 4 shows the results obtained for

these magnitudes. Figure 3a–c draws a probability

curve for each magnitude by following normal

distributions that are symmetrically distributed

around the central values.

The black dashed line in Fig. 3(a, b and c) rep-

resents the summed probability density curve, the

vertical black line represents the central value of the

Gaussian fit of the summed probability density curve,

and the Mmax and its standard deviation rM max is

given by the horizontal dashed line. The analysis

carried out, as shown previously, allows deriving the

magnitude distribution that each fault can generate.

This is by modeling the seismicity rates with a

truncated Gutenberg-Richter distribution. The distri-

bution is truncated at both ends by the threshold

magnitude Mc, considered equal to Mw 4.0 and Mmax,

but in this case the distribution is characterized by a

smooth transition to Mmax, as defined and analyzed by

Kagan (2002). The plots in Fig. 3d depict the mag-

nitude distribution derived for each fault.

Table 3

Fault parameters for each considered fault: length, dip, seismogenic thickness, SR1 and SR2 (minimum and maximum slip rate), maximum

observed magnitude and its standard deviation, and last hosted event

Fault parameters

Length (km) Dip (�) Depth (km) SR1 (mm/year) SR2 (mm/year) Mo rm Last event

Sahel 63 45 12 0.1 0.3 6.5 0.1 1716

Zemmouri 43 45 14 0.3 0.6 6.9 0.1 2003

Blida 35 50 14 0.4 0.6 6.5 0.3 1825

Table 4

Maximum magnitude derived. MM0 from the standard formula (IASPEI, 2005), MRLD from the maximum subsurface fault length, MRA and

MAR are from both the maximum rupture area and using the Wells and Coppersmith (1994) relationship

Maximum magnitude

MM0 MAR MRLD MRA Mobs Mmax

Sahel 7.12 � 0.30 6.78 � 0.25 7.17 � 0.26 7.06 � 0.25 6.50 � 0.10 7.00 � 0.30

Zemmouri 6.95 � 0.30 6.92 � 0.25 6.92 � 0.26 6.90 � 0.25 6.90 � 0.10 6.90 � 0.30

Blida 6.80 � 0.30 6.85 � 0.25 6.79 � 0.26 6.86 � 0.25 6.50 � 0.10 6.80 � 0.30
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As a result, the three active faults examined were

characterized and considered as line source models,

leading in the first proposed seismic source model in

this study.

In order to perform the analysis of the seismic

activity of the investigated faults, especially

considering both time-dependent and time-indepen-

dent models, the appraisal of the probability of

occurrence as a function of the time elapsed since the

last event, is a requirement. To this end, the typical

Gaussian model was endorsed, integrating the previ-

ously obtained results, leading to the results depicted

Figure 3
The summed probability density (PDF) curves in a dashed line for the (a) Sahel Fault, (b) the Zemmouri Fault and (c) the Blida Fault. (d)

Truncated magnitude-frequency distribution of the Gutenberg-Richter for the three faults. (e) Probability of occurrence in 50 years of an

earthquake in the interval Mmax � r and Mmax þ r compared to the time elapsed since the last event for each fault in a dashed line, assuming

that the behavior is Poissonian, and in a continuous line, assuming that the behavior is that of the so-called characteristic Gaussian Model.

(f) Cumulative annual rate for the case of the characteristic Gaussian Model
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in Fig. 3e. In the case of the time-dependent model,

the results depicted in Fig. 2f represent for the ana-

lyzed faults the probabilities of occurrence of

magnitudes between Mmax � r and Mmax þ r. The

time-dependent probability of occurrence (solid line)

is computed for the next 50 years, given an elapsed

time since the last event (Fig. 3e); these probabilities

were obtained using the BPT model. The second

model, the time-independent distribution (dashed

line), also refers to a period of 50 years. The vertical

line in the plot also shows the mean recurrence time

of magnitudes greater or equal to Mmax � r. Thus, we

can deduce that assuming the independent behavior

of the elapsed time since the last event that is a

Poissonian model, the obtained probabilities are

equal to 0.0019, 0.015 and 0.0035 for the Blida,

Zemmouri and Sahel Faults, respectively. In addition,

the mean recurrence time for magnitudes equal or

greater than the lower bound Mmax � r, e.g., 6.5, 6.6

and 6.7 for Blida, Zemmouri and Sahel Faults,

respectively, is estimated equal to 2525, 3275 and

14,450 years, and the time elapsed since the last

event is 194, 16 and 304 years for these faults,

respectively. The probability of exceeding the pre-

vious lower bound given the elapsed time for each

fault is equal to 0.028, 0.022 and 0.0051, respec-

tively. Figure 3f displays the cumulative annual rate

of magnitudes within the range Mmax � r and Mmax þ
r obtained using the characteristic Gaussian model.

4. Gridded Seismicity Model

It is common practice in probabilistic seismic

hazard analysis (PSHA) to model the distributed or

background seismicity as either a series of area

sources in which each source is represented by a

spatially uniform recurrence rate, or as a matrix of

gridded seismicity sources with spatially smoothed

recurrence rates (e.g., McGuire, 2004; Thenhaus &

Campbell, 2003). It is worth noting that, as intro-

duced by Frankel (1995) and Frankel et al. (2000),

this approach has been used by several authors in

different parts of the world (e.g., Lapajne et al.,

2003; Peláez and López Casado, 2002; Peláez

et al., 2003; Xu, 2019). According to Monelli et al.

(2014), the expression ‘‘distributed seismicity’’

encompasses all earthquake activity that cannot be

associated with known and well-characterized fault

structures. It is valid for any PSHA conducted, even

in areas where an active fault inventory is avail-

able, because no fault inventory is ever complete.

As a consequence, the distributed or background

seismicity model is a reliable tool for regions that

lack and/or have insufficient data on the different

fault sources, as well as for regions where seis-

micity is not clearly associated to geological

features (e.g., Frankel., 1995, 2000; Peláez and

López Casado, 2002; Peláez et al., 2003, 2005a).

In this study, we used the gridded seismicity

model, defined as a set of point sources. Each point is

parameterized so that the rupture is represented as a

three-dimensional planar rectangle. According to

Monelli et al. (2014), the ruptures are generated at a

single geographical location and can be distributed

over multiple orientations, faulting styles, and depth

levels. Rupture centroids are located at the point

source location and are positioned at the depth

specified by the hypocentral depth distribution. To

avoid the rupture plane crossing the upper and lower

boundary of the seismogenic layer, it is shifted along

the dip direction so that it fits the upper and lower

seismogenic depths. The rupture length is calculated

using the Wells and Coppersmith (1994) relation-

ships. The seismic hazard parameters of the zone-

source model developed by Peláez et al.,

(2018a, 2018b) were smoothed using the Bender and

Perkins (1987) procedure over gridded square cells.

At each grid node, the a and b parameters of the

Gutenberg-Richter relationship, as well as the maxi-

mum expected magnitude, were calculated. The

truncated distribution of the Gutenberg-Richter rela-

tionship is used for magnitude events above Mw 4.0

that occurred after 1925. The following is a summary

of the methodology used. The number of earthquakes

greater than Mw 4.0 is counted, using the earthquake

data file, within each square cell of 0.1� 9 0.1� of a

grid covering the studied area. Therefore, the annual

number of earthquakes above magnitude Mw 4.0 is

derived using the Gutenberg-Richter relationship

with the corresponding b-values derived for the

studied area. Afterward, these values are spatially

smoothed using a Gaussian filter (Frankel, 1995),

given by
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�ni ¼
P j

Dij � 3c nj exp � D2
ij

c2

� �

P j
Dij � 3c exp � D2

ij

c2

� � ; ð5Þ

In this relation, ni is normalized to preserve the

total number of events and Dij is the distance between

the ith and jth cells. The sum is taken over cells

within a distance of 3c of cell i. The parameter c is

the parameter of the Gaussian filter, called the cor-

relation distance. For each site, the values ni are

binned by their distances from that sites, so that Nk

denotes the total number of earthquakes that have

taken place at a given cell, during a time interval T in

which the catalog is believed to be complete above

the minimum magnitude considered in the calcula-

tion. Thus, the rate of earthquakes with magnitude ml

in a cell at a distance rk from the point of calculation

is given by (Peláez and Lopez Casado, 2002)

k ml ; rkð Þ ¼ Nk

T
q ml ; Dmð Þ: ð6Þ

The function q is the fraction of earthquakes in the

interval of magnitude ml � Dm, derived by using the

truncated Gutenberg-Richter relationship,

q m ; Dmð Þ ¼ 10�b m�mcð Þ

1 � 10�b mmax �mcð Þ 10bDm
2 � 10�bDm

2

h i

ð7Þ

The chosen c-value takes into account the uncer-

tainty in the earthquake location in the studied area

over the time span of the catalog; in the current study,

it is equal to 20 km, which is considered an optimal

value by Peláez et al. (2016).

Using the described procedure, the gridded seis-

micity model for the current assessment is built using

the resulting updated earthquake file previously dis-

cussed. Thus, the seismicity model is defined at the

nodes for the 0.1� 9 0.1� grid cell, which encom-

passes the area between longitudes 1.5� to 4.0� E and

latitudes 35.5� to 37.5� N.

5. Selection of Ground-Motion Prediction Equations

The selection of the ground-motion prediction

equations (GMPEs) is mainly dependent on the

prevailing seismotectonic setting of the region and

on the availability of strong motion data. Consid-

ering that numerous equations have been proposed

and published (Douglas, 2003), selecting appropri-

ate GMPEs is a vital part of any seismic hazard

analysis. The selection should not be based on

purely geographic considerations (Bommer et al.,

2010), since several studies have established that

there is no persistent regional difference in ground

motion among tectonically comparable areas

(Douglas, 2007; Stafford et al., 2008). In the pre-

sent study, we used the criteria initially introduced

by Cotton et al. (2006) and updated by Bommer

et al. (2010).

Most PSHA studies for northern Algeria (Peláez

Hamdache, & Lopez Casado, 2003, 2006; Peláez,

Hamdache, et al., 2005) used the GMPE by Ambra-

seys et al. (1996), because their database included

few data from Algerian earthquakes. Nevertheless,

this GMPE was not suitable, since, among other

reasons, it is expressed in terms of surface-wave

magnitude (Ms) and not moment magnitude (Kana-

mori, 1983). The GMPE by Laouami et al. (2018),

which is based on Algerian strong-motion data and

could have been an alternative, is unfortunately only

described in terms of hypocentral distance and mag-

nitude for rock, firm, and alluvial sites. Additional

terms related to the effects of rupture physics, such as

faulting style, fault dip, and rupture, are omitted in its

simplified functional form. As a result, it will not be

included in the current assessment.

Twelve prediction equation models were chosen

as potential candidates for use in performing a seis-

mic hazard assessment in the current study, following

the recommendations provided by Cotton et al.

(2006), Bommer et al. (2010), and Stewart et al.

(2015). These models were chosen as they were

developed for comparable seismotectonic settings,

namely, active shallow crustal areas (Stafford et al.,

2008). These models are the recent Pacific Earth-

quake Engineering Research Next Generation

Attenuation (PEER-NGA) relationships developed by

Campbell and Bozorgnia (2008, 2014), Abrahamson

et al. (2014), Chiou and Youngs (2008, 2014), Idriss

(2014), Boore and Atkison (2008) and Boore et al.

(2014), denominated as CB08, CB14, ASK14, CY08,

CY14, Idr14, BA08 and BSSA14, respectively. The

four other candidates are those developed by Akkar
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and Bommer (2010), Faccioli et al. (2010) and

Cauzzi et al. (2015), abbreviated as Akk_Bom_2010,

Fac_2010, Bind_2011 and Cauzzi_2015,

respectively.

The first stage in the selection process is to

determine the applicability range of each GMPE. The

one proposed by Akkar and Bommer (2010) is for

distances up to 100 km and for earthquakes with

magnitudes between 5.0 and 7.6. The Chiou and

Youngs (2014) attenuation equation is considered as

an update to the Chiou and Youngs (2008) model.

The most recent one has a range of applicability

larger than the previous one, covering distances up to

300 km and magnitudes between 3.5 and 8.0,

whereas it is up to 200 km and magnitudes between

4.0 and 8.5 for the Chiou and Youngs (2008) atten-

uation equation. In the Chiou and Youngs (2014)

model, some modifications have been introduced to

the 2008 model, among them related to style of

faulting, hanging wall effects, scaling with the depth

to the top of the rupture, scaling with sediment

thickness, and the inclusion of additional terms for

the effects of fault dip and rupture directivity. The

range of applicability of the Cauzzi et al. (2015)

attenuation equation model covers distances up to

150 km and magnitudes between 4.5 and 7.9. This

range is larger than in the Akkar and Bommer (2010)

equation, but smaller than that of Chiou and Youngs

(2014). Similarly, the range of applicability of Idriss

(2014) and Faccioli et al. (2010) covers distances up

Table 5

Applicability range values for each GMPE

Applicability range

GMPE Magnitude range Distance range

Akk_Bom_2010 5.0–7.6 Up to 100 km

CY08 4.0–8.5 Up to 200 km

CY14 3.5–8.0 Up to 300 km

Cauzzi_2015 4.5–7.9 Up to 150 km

Idr14 5.0–8.0 Up to 150 km

Fac_2010 5.0–7.2 Up to 150 km

Bind_2011 4.0–6.9 Up to 200 km

BA08 5.0–8.0 Up to 200 km

BSSA14 3.0–8.5 Up to 400 km

CB08 4.0–8.5 Up to 200 km

CB14 3.0–8.5 Up to 300 km

ASK14 3.0–8.5 Up to 300 km

Figure 4
Plots of the selected GMPEs vs. distance Rjb for Mw 4.5 and Mw 5.5 in terms of PGA, SA(0.1 s) and SA(1.0 s)
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to 150 km and a magnitude range between 5.0 to 8.0

and 5.0 to 7.2, respectively, whereas for Bindi et al. it

covers distances up to 200 km and magnitudes

ranging between 4.0 and 6.9. On the other hand, for

the Boore and Atkison (2008) relationship, the range

of applicability covers distances up to 200 km and

magnitudes between 5.0 and 8.0, whereas for Boore

et al. (2014), named in this study BSSA_2014, it

covers distances up 400 km and magnitudes between

3.0 and 8.5. Regarding the range of applicability of

Figure 5
Plots of the mean PGA (solid line) and standard deviation (dashed lines) vs. the Rjb distance. The component EW and NS of the recorded

acceleration during the 2003 Zemouri earthquake are shown n the ts, with the name of two stations Ke2 and Dar
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the Campbell and Bozorgnia (2008) and Chiou and

Youngs (2008) prediction equations, they cover dis-

tances up to 200 km and magnitudes between 4.0 and

8.5. For Abrahamson et al. (2014), Campbell and

Bozorgnia (2014), and Chiou and Youngs (2014), it is

larger, covering distances up to 300 km and magni-

tudes between 3.0 and 8.5 for the first two, and 3.5 to

8.0 for the third one. For the last model, developed by

Boore et al. (2014), the range of applicability covers

distances up to 400 km and magnitudes between 3.0

and 8.5. The applicability range values for each

GMPE are given in Table 5.

According to the recommendation by Bommer

et al. (2007) not to apply GMPEs outside their

magnitude range, six ground-motion prediction

equations are first identified, those of Abrahamson

et al. (2014), Campbell and Bozorgnia

(2008, 2014), Chiou and Youngs (2008, 2014) and

Boore et al. (2014). The above-mentioned GMPEs

have been compared for different earthquake sce-

narios; median predicted ground motion from the

six GMPEs for PGA and 5% damped spectral

acceleration (SA) at 0.1 s are displayed in Fig. 4

for Mw 4.5 and 5.5, respectively, assuming that the

site type is B/C (Vs (30) equals 760 m/s). It can be

observed that the variation of the median predicted

values is wider for Mw 4.5 than for Mw 5.5.

Furthermore, except for the BSSA14 and CB08

models, the GMPEs have similar median predicted

amplitudes, especially for Mw 5.5. The BSSA14

model predicts higher values, and the CB08 dis-

plays different behavior.

The GMPEs were compared to strong-motion

recordings from the studied area. Figure 5 depicts

the two horizontal components of recorded accel-

eration at 12 stations on May 21, 2003 (Mw 6.9)

during the Zemmouri earthquake, which are com-

pared to predicted values by the six preselected

GMPEs based on their applicability range. To

appreciate and select the most appropriate GMPE,

we use the horizontal components of the records

from the 2003 Zemmouri earthquake, as analyzed

Figure 6
Logic tree used in this study. GS correspond to the gridded seismicity model, whereas LS correspond to the line-source model
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by Peláez et al. (2006b). The CB08 and CY08, as

depicted, have a range of up to 200 km. It can be

seen that PGA values at the stations Ke2, equal to

0.59 g and 0.23 g for components EW and NS,

respectively, and equal to 0.51 g and 0.55 g at

station Dar, for EW and NS components, respec-

tively, are not well constrained. According to

Peláez et al. (2006b), these values result from the

soil conditions, stiff soil for Ke2 and soft soil for

Dar station. These values are, in the case of the

BSSA14 equation, in the range of mean plus/minus

sigma, and close to the mean plus sigma values in

the case of CY08. The CY14 seems to fit better

with the component NS than with the component

EW. Finally, the ASK14 and CB14 ground-motion

prediction equations remain the best fit for the

recorded accelerations, with the first being more

accurate than the second. Furthermore, each GMPE

Figure 7
Seismic hazard maps in terms of PGA, SA (0.2 s) and SA (1.0 s) for B/C soil condition and for return periods of 475 and 975 years
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has a similar range of applicability. As a result, we

chose the ASK14 and CB14 GMPEs because they

are considered sufficiently robust to cover a wide

range of magnitudes, distances, and spectral peri-

ods. It is worth noting that Bozzoni et al. (2011)

presented this kind of comparison as a technique

for weighing the GMPE considered in their

assessment utilizing accelerometric data file cover-

ing the period from 1997 to 2008.

6. Logic Tree Framework and Seismic Hazard

Computation

The seismic hazard evaluation in the current

study was carried out using the previously dis-

cussed seismicity models. The first, known as the

line-source model, is derived from the fault-based

seismicity model, abbreviated as LS, and is based

on the characteristics of three faults: the Blida,

Zemmouri, and Sahel Faults. As shown in Fig. 3d,

the truncated Gutenberg-Richter magnitude distri-

bution was preferred to interpret the frequency of

earthquakes with magnitudes greater than Mw 4.0

for these faults. The gridded seismicity model

previously described and denoted as GS is the

second complementary model. The empirical mod-

els provided by the specified GMPEs, namely the

ASK14 and CB14 models, are used to estimate the

ground-motions produced by future occurrences.

A logic tree scheme is the most commonly and

widely used tool for capturing epistemic uncertainty

in the most widely used seismicity model (Bommer

& Scherbaum, 2008; Kulkarni et al., 1984). Accord-

ing to Bommer et al. (2005), including more than one

GMPE in the logic tree assessment is a standard

procedure for appreciating the epistemic uncertainty

in selected ground-motion attenuation models. Thus,

the epistemic uncertainties in the current study were

addressed in a logic tree framework by considering

the following parameters: (a) the line source and

gridded seismicity source models, denoted LS and

GS, (b) the hypo-depth, (c) the nodal planes, and

(d) the GMPEs. We assert that, for a seismic hazard

assessed for a short return period, the contribution of

the fault model, despite its long return period, is

lower than that of the gridded seismic model solely

based on the earthquake catalog. The fault model

should contribute more than gridded seismicity when

assessing seismic hazard for a relatively long return

period. As result, a weight equal to 0.80 is considered

for the gridded model used in the ongoing study,

whereas it is considered equal to 0.20 for the linear

source model (LS). Hamdache et al. (2010) and

Pelaez et al. (2018 a, b) describe the seismogenic

depth as being between 0 and 15 km. The proposed

GS model took into account two seismicity depths of

4 and 8 km, each with the same weight. Furthermore,

the consideration of two distinct nodal planes agrees

with the orientations of the SHmin and SHmax pre-

viously obtained by Peláez et al. (2018a, 2018b). In

this study, the same weight is assigned to both nodal

planes because there is no reason to prefer one to the

other.

A weighted procedure is required following the

selection of the GMPEs. In general, the weighting

procedure is supported by extensive judgments and

opinions, so a group of experts assigns each GMPE’s

weight subjectively. However, subjectivity is cur-

rently a target of PSHA criticism, and scientists’ goal

is to reduce subjectivity as much as possible. In this

context, Scherbaum et al. (2009) introduced a

weighting scheme based on scoring the GMPEs, that

is, a numerical evaluation of how well each GMPE

fits a set of data. In classical information theory, this

procedure is established on the likelihood that it is

related to information loss, assuming that the data are

independent. The proposed scoring scheme is based

on the average log likelihood; for one specific model,

this result in the expression

LLHk ¼ � 1

N

XN

i¼1

log2 f ðxif g; ð8Þ

with xi ; i ¼ 1; 2; :::::::::;N a given set of ground-

motion observations. In the previous relationship,

f ðxÞ is a probability density function describing the

GMPE, x is the random variable described by the

bFigure 8

Seismic hazard curves and annual frequency of exceedance in

terms of PGA for B, B/C, C and C/D soil conditions
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GMPE that has a truncated Gaussian distribution

given by

f ðxÞ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp � x � lð Þ2

2r2

" #

; x� x0;

ð9Þ

in which l is the mean and r the standard devi-

ation of the Gaussian distribution, and x0 is the

truncation point, usually given by x0 ¼ l þ 3r.

The LLH estimator is utilized as a criterion to classify

the GMPEs that have been chosen. The lower the

LLH, the closer the candidate model is to the process

that produced the data; the higher the LLH, the less

likely the model is to have produced the data.

Scherbaum et al. (2009) provide the relative weight

of the kth GMPE model; in a set the K models, it is

given by

wk ¼ 2�LLHk

PK
j¼1 2�LLHj

: ð10Þ

Because the procedure is simple and has the

advantage of indicating the model’s relative perfor-

mance with a single score, the ranking method is now

one of the most widely used data-driven evaluation

methods among many researchers. It has been used

by Delavaud et al. (2012b) in Europe in the frame of

the SHARE project and in California (USA) to test

the global applicability of GMPEs for active shallow

crustal regions (Delavaud, Scherbaum, et al., 2012),

whereas Beauval et al. (2012) used it to test the

GMPEs against small-magnitude data. It is worth

noting that it was effectively used by Maiti et al.

(2017) to select the appropriate GMPEs for PSHA

purposes in the Indian region. An extension of the

LLH method is proposed by Mak et al. (2017) by

introducing the multivariate logarithmic score

approach. However, Kale and Akkar (2017)

bFigure 9

Computed uniform hazard spectra at each city, damped at 5%, for

return periods of 475 and 975 years, and for B, B/C, C and C/D soil

conditions

Table 6

Seismic hazard values (g) obtained at the five main cities located in the studied area

Seismic hazard values

City Type 10% in 50 years 5% in 50 years

PGA 0.2SA 1.0SA SAmax Tmax PGA 0.2SA 1.0SA SAmax Tmax

B 0.355 0.710 0.169 0.779 0.13 0.489 0.993 0.256 1.095 0.12

B/C 0.443 0.988 0.218 1.050 0.15 0.606 1.372 0.336 1.455 0.15

Algiers C 0.495 1.193 0.266 1.193 0.20 0.664 1.624 0.416 1.624 0.20

C/D 0.498 1.184 0.355 1.219 0.25 0.636 1.530 0.557 1.593 0.24

B 0.243 0.488 0.137 0.529 0.13 0.342 0.679 0.203 0.757 0.13

B/C 0.305 0.676 0.178 0.714 0.15 0.425 0.956 0.267 0.993 0.17

Tipaza C 0.344 0.831 0.219 0.831 0.20 0.473 1.158 0.333 1.158 0.20

C/D 0.352 0.881 0.292 0.898 0.25 0.471 1.163 0.446 1.209 0.25

B 0.176 0.352 0.097 0.383 0.13 0.252 0.509 0.145 0.556 0.13

B/C 0.221 0.488 0.126 0.517 0.15 0.314 0.701 0.191 0.744 0.15

Boumerdes C 0.253 0.608 0.155 0.609 0.19 0.355 0.863 0.239 0.863 0.20

C/D 0.265 0.679 0.184 0.681 0.22 0.363 0.917 0.322 0.933 0.25

B 0.264 0.527 0.146 0.576 0.13 0.380 0.768 0.222 0.842 0.13

B/C 0.330 0.732 0.189 0.776 0.15 0.473 1.063 0.291 1.116 0.16

Medea C 0.373 0.902 0.234 0.902 0.20 0.527 1.287 0.319 1.287 0.20

C/D 0.379 0.944 0.312 0.963 0.25 0.515 1.257 0.487 1.316 0.25

B 0.304 0.610 0.162 0.672 0.13 0.423 0.859 0.244 0.950 0.13

B/C 0.380 0.845 0.209 0.900 0.15 0.526 1.185 0.320 1.258 0.15

Blida C 0.427 1.038 0.258 1.038 0.20 0.582 1.431 0.398 1.431 0.20

C/D 0.429 1.062 0.346 1.087 0.25 0.567 1.388 0.535 1.449 0.25

Vol. 179, (2022) Seismic Hazard Assessment and Its Uncertainty for the Central Part of Northern Algeria 2101



introduced a method named EDR based on the

Euclidean distance, instead of maximum likelihood.

Worthy of note also that Roselli et al. (2016) discuss

a general probabilistic framework to numerically

score and weight GMPEs. The Bayesian tools have

been used by Arroyo et al. (2014) to assign weights to

GMPEs, and Yazdani et al. (2021) show that these

tools allow for merging information gathered from

available seismic data and expert opinion.

The two selected GMPEs, ASK2014 and CB2014,

have been ranked using the LLH procedure. The

obtained results using the recorded accelerations

during the 2003 Zemmouri (Algeria) earthquake are

equal to

LLHASK ¼ � 1:4114

LLHCB ¼ � 0:6573;
ð11Þ

The resulting weights are

wASK ¼ 0:6278 ’ 0:63 ;wCB ð12Þ

According to Delavaud et al. (2012b), the cal-

culated weights must be used to aid decision-

making by providing additional information about

the applicability of GMPEs, especially in regions

like the one studied here where no specific model

exists and because, in most cases, local records are

not only insufficient but also scarce, rendering data-

driven methods unreliable, justifying the use of

Figure 10
Uniform hazard spectra and design spectra, damped at 5%, for B/C soils and for return periods of 475 years and 975 years at each studied city
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both experts’ opinions and seismic data to assess

the applicability of GMPEs, as processed by

Secanell et al. (2018). In this context, according to

our appreciation of the robustness and the range of

applicability of the selected GMPEs, the following

weights are attributed to the selected GMPE models

wASK ¼ 0:80 ; wCB ¼ 0:20; ð13Þ

Figure 11
The overall 95% confidence band maps for PGA, SA(0.2 s) and SA(1.0 s) for 475- and 975-year return periods
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Figure 6 presents the logic tree used, as well as its

related corresponding weights. Two branches are

associated with the LS model and eight branches with

the GS model.

In the ongoing study, seismic hazard assessment

was performed using the OpenQuake software

(Pagani et al., 2014). The procedure adopted in

OpenQuake, the classical PSHA (Field et al., 2003),

is described in detail by Crowly et al. (2011). We

have considered the level of truncation of the Gaus-

sian distribution of the logarithm of ground motion

used in the calculation of hazard equal to 3 r and the

maximum integration distance equal to 300 km. This

distance has been chosen in adequacy with the

applicability range of the selected GMPEs, referring

to the largest distance between a rupture and the

target calculation sites in order for the rupture to be

considered in the PSHA calculation. By dividing the

studied area into squared cells, as was quoted before,

at each node of the grid, the ground-motion param-

eters (PGA and SA) with 10% and 5% probability of

being exceeded in 50 years (corresponding to return

periods of 475 and 975 years) were estimated for the

selected soil types B, B/C, C and C/D (NEHRP site

conditions). Figure 7 shows for the studied area the

mean peak ground acceleration (PGA) maps, the

estimated values for SA (0.2 s) and SA (1.0 s) damped

at 5%, for 10% probability of being exceeded in

50 years for the B/C soil condition. We can observe

three main clouds on each individual hazard map.

The first one, in terms of hazard values, is located

around the Mitidja Basin, and compiling the higher

estimated values, reaches a PGA value of about

0.44 g and 0.61 g at the city of Algiers for return

periods of 475 and 975 years, respectively, for the

B/C soil condition. The second focus is located to the

southwest of Medea city, with lower values, and the

third one is also located to the southeast of this city.

It is interesting to point out that at Algiers city the

PGA value equal to 0.44 g is expected for a return

period of 475 years and for soil condition B/C. This

indicates that the mean value of the ground motion is

obtained, for example, by replacing the real sequence

of earthquakes in this area by a sequence of two

earthquakes in 475 years, as each provides us this

value of PGA. This is the basis of the methodology

proposed by Joyner and Fumal (1985) for seismic

hazard determination. An earthquake generating a

PGA equal to 0.44 g should have a macroseismic

intensity of VIII-IX, using the relationship between

PGA and the macroseismic intensity by Murphy and

O’Brien (1977), given in Linkimer (2008) by

IMM ¼ 2:86 log PGAð Þ þ 1:24 ;
IV\ IMM \X:

ð14Þ

According to Maouche et al. (2011) and Harbi

et al. (2015), during the last 475 years, two earth-

quakes with these characteristics took place in the

studied area, those of 1716, February 3 (I0 IX),

located offshore of Algiers, and the one that

occurred on 1722, November 29 (I0 VII–VIII),

located in Algiers. Similarly, the estimated PGA for

a return period of 975 years, equal to 0.61 g, cor-

responds to a macroseismic intensity of about IX–

X. This procedure highlights the reliability of the

derived values.

The seismic hazard curves in terms of PGA with a

10% probability of exceedance in 50 years are

derived for the selected sites, Algiers, Tipaza, Bou-

merdes, Medea, and Blida city, and for the mentioned

soil types. Figure 8 exhibits the plots of the obtained

results, revealing the annual frequency of excee-

dance, in terms of PGA, for the selected cities. The

uniform hazard spectra (UHS) performs an appro-

priate probabilistic representation of earthquake

action and is a key element in recent seismic design

codes, such as the International Building Code (ICC,

2009), because it is an efficient way of describing a

building’s or structure’s seismic hazard and ground-

motion demand (Wen, 2004). The UHS is a standard

PSHA output that is regarded as an important com-

ponent of modern earthquake engineering and

structural dynamics. It represents the joint effect of

Table 7

Degree of reliability for different values of the parameter COV

Range Degrees of reliability

0.0 B cov B 15% Very high

15% B cov B 25% High

25% B cov B 35% Medium

35% B cov B 45% Low

Cov C 45% Very low
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Figure 12
Maps showing the degree of reliability for PGA and SA (0.2 s) for 475- and 975-year return periods in terms of very high, high, medium, low

and very low. For SA (1.0 s), the maps display the spatial variation of the COV for the two return periods
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earthquakes of different magnitudes and source-to-

site distances; the low-period part of the UHS is

mainly controlled by the contribution of small to

moderate-magnitude earthquakes from nearby seis-

mic sources. Whereas the largest earthquakes that

occurred at distant sources from the studied site affect

the large period part (over 0.5 s). Figure 9 depicts the

uniform hazard spectrum (UHS) computed for each

city for soil types B, B/C, C, and C/D, as well as

return periods of 475 and 975 years. From the com-

puted UHS for the selected return periods and soil

types, useful engineering parameters are derived,

Figure 13
Plots depicting the seismic hazard curve at each studied city with the 95% confidence bands. The mean UHS (in solid line) and mean UHS �

standard deviation (in dashed lines) are displayed
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which are tabulated in Table 6. The derived values of

SA (0.2 s) and SA (1.0 s) for the selected soil types

and the considered return periods were used to per-

form an earthquake-action analysis following current

seismic design codes, in the form of absolute accel-

eration, or what is called the design response

spectrum. According to the International Building

Code (ICC, 2009), the SA (0.2 s) and SA (1.0 s)

values are used to establish the spectral regions

controlled by acceleration and velocity, respectively;

the two values are clearly representative of the

overall shape of the UHS. In the prevalent analysis

performed in this study, the procedure developed by

Malhotra (2005), based on the Newmark–Hall

approach (Newmark & Hall, 1982), for the estab-

lishment of a design spectrum is used. The procedure

was established to derive the so-called control period

(Ts), which can be easily estimated using the SA

(1.0 s) and SA (0.2 s) values that were previously

derived from the UHS.

Ts ¼ SAð1:0 sÞ
SAð0:2 sÞ 1 s: ð15Þ

Then, according to Malhotra (2005), the design

spectrum values are obtained using the following

relationship.

SAðTÞ ¼

0:4 SAð0:2 sÞ þ 3 SAð0:2 sÞ T

Ts
; T � 0:2 Ts

SAð0:2 sÞ ; 0:2 Ts\T � Ts

SAð1:0 sÞ 1:0 s

T
; T [ Ts

8
>>>><

>>>>:

ð16Þ

The calculated UHS and the derived design

response spectra for both return periods (475 and

975 years) and soil type B/C are shown in Fig. 10.

Regardless of return period or soil type, there is good

agreement between the computed UHS and the

established design spectra for the selected cities. The

same results can be derived for soil conditions B, C,

and C/D and selected return periods.

Table 8

Peak ground acceleration and its standard deviation for the two selected return periods and soil conditions at the considered cities

Peak Ground Acceleration and standard deviation

City Type PGA with 10% in 50 years PGA with 5% in 50 years

B 0.36 � 0.11 0.49 � 0.14

B/C 0.44 � 0.17 0.61 � 0.19

Algiers C 0.50 � 0.12 0.66 � 0.12

C/D 0.50 � 0.10 0.64 � 0.10

B 0.24 � 0.07 0.34 � 0.09

B/C 0.31 � 0.12 0.43 � 0.13

Tipaza C 0.34 � 0.18 0.47 � 0.07

C/D 0.35 � 0.08 0.47 � 0.07

B 0.18 � 0.03 0.25 � 0.05

B/C 0.22 � 0.03 0.31 � 0.04

Boumerdes C 0.25 � 0.02 0.36 � 0.03

C/D 0.27 � 0.02 0.36 � 0.03

B 0.26 � 0.05 0.38 � 0.08

B/C 0.33 � 0.06 0.47 � 0.07

Medea C 0.37 � 0.03 0.53 � 0.04

C/D 0.38 � 0.03 0.52 � 0.04

B 0.30 � 0.06 0.42 � 0.08

B/C 0.38 � 0.06 0.53 � 0.09

Blida C 0.43 � 0.03 0.58 � 0.04

C/D 0.43 � 0.03 0.57 � 0.04
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Thus, the derived Newmark–Hall design pre-

sents some advantages, it is soil type dependent,

not only based on the characteristic period, but also

on the hazard level, represented by the level of the

constant spectral acceleration branch. Contrary to

the current Algerian building code (Belazougui,

2017), which does not propose an elastic design

spectrum for each individual site. 7. Uncertainty Analysis

This section is an attempt to investigate the

overall uncertainty in the estimated seismic hazard

Figure 14
Seismic hazard disaggregation at studied cities in terms of PGA with 10% and 5% probability of exceedance in 50 years for a B/C soil type,

and contribution of M; Dð Þ pairs at each studied cities

cFigure 15
Disaggregation of seismic hazard at studied cities in terms of PGA

with 10% and 5% probability of exceedance in 50 years for a B/C

soil type. The contribution of each computation cell is depicted

(disaggregation in azimuth)
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values. According to Lombardi et al. (2005), the first

quantitative results on this topic were published by

McGuire (1977) and McGuire and Sheldock (1981).

Cramer et al. (1996), Cramer (2001), and Cramer

et al. (2002) provide a detailed description of the

methodology for assessing overall uncertainty in

hazard assessment.

The conducted uncertainty analysis, as described

by Atkison et al. (2014), is linked to the branches of

the logic tree ground-motion attenuation relationship,

with the goal of dealing with epistemic uncertainty.

The uncertainties associated with the other parame-

ters that define the two seismic models, as well as the

two branches (hypodepth and nodal plane) of the GS

model, are omitted. A sensitivity analysis has not

been performed in our work given the large number

of parameters that have to be included in it. The study

remains open.

The uncertainty maps are generated by taking into

account the difference between the 98th and 50th

percentiles (Lombardi et al., 2005). This is built on a

95% confidence interval. By adding or removing this

value from the median, the 95% confidence limit can

be derived. Assuming that the GMPEs have a normal

distribution, the 95% confidence interval is defined as

the region between the 97.5th and 2.5th percentiles.

For the two selected return periods, 475 and

975 years, the obtained results are summarized in

terms of maps. Figure 11 depicts the overall uncer-

tainty maps for PGA, SA (0.2 s), and SA (1.0 s) for

B/C soil condition, with a 95% confidence interval.

The coefficient of variation, or COV, is often a better

measure of the uncertainty results. It is calculated by

dividing half of the 95% confidence band by the

mean, which is the same as dividing the standard

deviation by the mean. This quantity is used to assess

the accuracy of the estimated values. The lower the

COV, the more reliable the estimate is. Moreover, the

coefficient of variation is an accurate parameter to

appreciate the reliability of the estimated values.

Following Salazar et al. (2013), the estimated COV is

classified according to the criteria shown in Table 7.

This range of values results from the estimated COV

for PGA and SA (0.2 s). Figure 12 displays the

degree of reliability for the estimated PGA and SA

(0.2 s) values for the selected return periods qualita-

tively in terms of very high, high, medium, low, and

very low degrees. It can be observed that for these

two parameters, PGA and SA (0.2 s) and for both

return periods, a high degree of reliability is obtained

from the western part of Tipaza city toward the

eastern part of Boumerdes city, including the cities of

Blida and Medea. Moreover, it varies from medium

to low and very low in the western part of Algiers.

As pointed out by Salazar et al. (2013), these

results are very important in order to justify the use of

spectral ordinates at oscillation periods of 0.2 s and

1.0 s to construct earthquake design spectra for dif-

ferent return periods and for given soil conditions, as

done previously for the studied cities using the

Malhotra approach (Malhotra, 2005). To highlight

these issues, Fig. 13 displays for each studied city the

Table 9

Mean and modal seismic hazard disaggregation results (for magnitude and distance) for a return period of 475 years and 975 years, for the

studied cities and for PGA

Mean and modal seismic hazard deaggregation results for PGA

10% in 50 years 5% in 50 years

PGA M; D
� �

(M*, D*) maxHmd PGA M; D
� �

(M*, D*) maxHmd

Algiers 0.40 6.1, 8.8 5.0–5.5, 0–10 16.0% 0 PGA.55 6.2, 7.5 6.0–6.5, 0–10 16.0%

Tipaza 0.31 6.5, 16.4 7.0–7.5,10–20 7% 0.43 6.6, 12.7 7.0–7.5, 0–20 8.6%

Boum 0.22 6.0, 13.2 5.0–5.5, 0–10 11.7% 0.31 6.1, 10.7 5.0–5.5, 0–10 12.5%

Medea 0.33 6.3, 10.5 5.0–5.5, 0–10 11.3% 0.47 6.4, 8.8 6.0–6.5, 0–10 11.3%

Blida 0.38 6.2, 9.3 5.0–5.5, 0–10 13.8% 0.53 6.3, 8.0 6.0–6.5, 0–10 13.9%

The maximum contribution for each modal scenario is displayed
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seismic hazard curve with both the 95% confidence

bands. The plots show the mean UHS and the mean

UHS plus/minus the standard deviation, as well as the

hazard curve in terms of PGA and its 95% confidence

band. The obtained results give an appreciation of the

uncertainty related to these parameters since they

influence policy decisions on various issues, ranging

from building codes to seismic risk management.

Table 8 shows the PGA and its standard deviation for

the two selected return periods and soil conditions at

the considered cities. The supplementary material

presents the results for SA (0.2 s) and SA (1.0 s).

8. Seismic Hazard Disaggregation Analysis

The derived seismic hazard values can be pro-

cessed and exploited to define the predominant–or

the most contributing—potential source of hazard

and to provide the scenario design pairs of mag-

nitude and distance throughout the so-called

disaggregation process (e.g., Harmsen & Frankel,

2001). The seismic hazard disaggregation method-

ology was initially developed by Bernreuter (1992).

Since this time, disaggregation studies have been

extensively applied, discussed, and improved by

many authors (e.g., Frankel, 1995; McGuire, 1995;

Bazzurro & Cornell, 1999; Harmsen et al.,

1999, 2000; Harmsen & Frankel, 2001; Peláez

et al., 2002b; Barani et al., 2009). It is now an

important tool for interpreting and understanding

the contribution of various seismic sources to the

seismic hazard values estimated at a specific loca-

tion, as well as providing suitable solutions for

earthquake design required by engineers for build-

ing purposes (McGuire, 1995).

There were some previous attempts to perform a

seismic hazard disaggregation analysis on some cities

in the studied area. For instance, the studies by

Gherboudj et al. (2014) for Algiers and by Hamdache

et al. (2019) for Blida city. In this study, the disag-

gregation results for the mean PGA are presented, not

only in terms of magnitude and distance, but also in

terms of longitude and latitude (azimuth). For the five

selected cities and for the B/C soil condition. The

disaggregation analysis was performed and depicted

for return periods of 475 and 975 years, which is

essential in designing buildings and structures for

seismic purposes. The OpenQuake Engine software

(Pagani et al., 2014) was also used in the current

analysis. Magnitude bins of 0.5, distance intervals of

10 km, and geographic coordinate bins of 0.1� were

used in the computation. Figure 14 displays the

obtained disaggregation results at the selected cities,

for B/C soil conditions, and for return periods of 475

and 975 years, the figure depicts the contribution of

each pair M; Dð Þ to the seismic hazard, while Fig. 15

presents the disaggregation of the mean PGA results

in terms of longitude and latitude. For the majority of

the studied cities, the seismic hazard values for both

return periods are mainly controlled by the nearest

seismic foci.

Through the carried out analysis, the so-called

control (Bernreuter, 1992), design (McGuire, 1995),

modal (Chapman, 1995) or dominant earthquake

(Bazurro and Cornell, 1999) has been determined.

In order to derive it from the contribution of the

different earthquake scenarios of magnitude–dis-

tance pairs (M, D), both the average or mean and

the modal (M*, D*) values of the magnitude–dis-

tance pairs have been computed. The used

procedure for the analysis of disaggregation results

in terms of magnitude and distance is termed the

2D disaggregation technique (Bazurro and Cornell,

1999). The following relationships, established by

Bernreuter (1992), have been used in the current

assessment.

logD ¼
P

m

P
d Hmd:logd

P
m

P
d Hmd

; ð17Þ

M ¼
P

m

P
d Hmd:mP

m

P
d Hmd

; ð18Þ

where m is the magnitude, d is the distance, and Hmd

is the contribution to the seismic hazard of the

magnitude m m � Dm=2ð Þ at a distance d

d � Dd=2ð Þ for the studied site. The modal values

(M*, D*) are the M and D values for which Hmd is

maximum. Table 9, gives the mean scenario M ; D
� �

,

the modal scenario M� ; D�ð Þ, and the maximum

contribution values.
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9. Summary and Conclusions

A logic tree approach was used to conduct the

seismic hazard analysis, which included two seismic

models (LS and GS) and two GMPEs selected from

the PEER-NGA models as well as local and regional

ones. Expert judgment and an analysis of the ability

of the selected GMPEs to produce accurate data were

used to determine the weights of the selected GMPEs.

Seismic model weights, on the other hand, were

determined based on their contribution to overall

seismicity. The seismic hazard maps, derived for both

10 and 5% probability of exceedance in 50 years,

illustrate the results of the current assessment in

terms of PGA, SA (0.2 s), and SA (1.0 s), for soil

conditions B/C highlighting three main focuses

within the studied region. The first one, surrounding

the Mitidja Basin, dominates in terms of seismic

hazard values. The remaining two foci are located in

the southwest and southeast of Medea, respectively,

with higher values in the southwest than in the

southeast. In addition, results for five major cities in

the study area were obtained for site-specific seismic

hazard. The estimated PGA values at Algiers for both

the selected return periods and soil condition B/C are

considered consistent, according to the procedure

developed by Joyner and Fumal (1985).

The UHS, on the other hand, was determined for

both 475- and 975-year return times and for selected

soil types. Consequently, typical SA characteristic

values were derived (Table 5), which highlight the

influence of the selected soil conditions. The lower

PGA values are obtained for a B-type soil and for

both selected return periods. Newmark–Hall type

design spectra is proposed for both return periods.

The computations were based on the procedure

developed by Malhotra (2005), based on the SA

(0.2 s) and SA (1.0 s) values. It is worthwhile to note

that, unlike the current regulations in the Algerian

building code (Belazougui, 2017), the proposed

design spectra in this study is dependent on the soil

conditions at the site under investigation.

For both return periods, 475 and 975 years, and

under soil condition B/C, the overall uncertainty in

the hazard calculation related to the variability in

ground-motion prediction equations is assessed and

expressed in terms of 95% confidence band and

coefficient of variation (COV) for estimated PGA, SA

(0.2 s) and SA (1.0 s). The overall 95% confidence

band is observed in the range of 0.01 to 0.60 g for a

return period of 475 years, and in the range of 0.01 to

0.70 g for a 975-year return period. For both return

periods, the higher values are observed around the

central part of the Sahel fault (Fig. 11). As a result,

the UHS results are completed by providing the

standard deviation of the estimated values. Thus, the

mean UHS and the standard deviation (mean UHS)

are presented (Fig. 13). The resulting COV values,

which represent the ground-motion variability, are

used to assess the accuracy of the estimated values.

The estimate is more reliable if the COV is smaller.

The overall PGA and SA (0.2 s) coefficients of

variation for both return periods are classified as very

high, high, medium, low, and very low degrees of

reliability, according to the range values in Table 7.

For both return periods, Fig. 12 displays typical

results. A high degree of reliability is achieved from

the western part of Tipaza city to the eastern part of

Boumerdes, encompassing the cities of Blida and

Medea. Furthermore, close to the western part of

Algiers, it ranges from medium to low and to very

low (Fig. 12).

The disaggregation analysis performed provides

significant results that serve as reliable tools for

civil engineers and decision-makers, allowing them

to develop a representative earthquake scenario

during design and planning. Based on the current

computations, it appears that for both the selected

return periods, nearby seismicity is frequently a

major contributor to the hazard at the site. Both the

mean and modal values of the magnitude and dis-

tance variables were derived, and the so-called

control or design earthquake is produced. The joint

magnitude and distance distribution reveals a uni-

modal pattern in the results obtained in the selected

cities (Fig. 14). Subsequently, detailed analysis of

the disaggregation of PGA values (for both 475-

and 975-year return period) in azimuth (longitudes

and latitudes) is carried out. Based on the current

computations, the contribution of each cells is
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depicted on Fig. 15 for the selected cities. The

results for SA at 0.2, 1.0 and 2.0 s derived for the

selected return periods and for soil condition B/C is

detailed in the supplementary material. The per-

formed analysis is carried out in accordance with

the published recommendations by several authors,

taking into account various U.S. regulations (e.g.,

U.S. Department of Energy, 1995; SSHAC, 1997;

USNRC, 1997).

We believe that the results achieved not only

can contribute to updating national building code

provisions for earthquake-resistant construction in

the investigated cities and region, but also will

serve as a basis for microzoning studies in the

studied cities.

Acknowledgements

The authors are grateful to the Editor Pr. A. Kijko, for

his valuable advice. We would like to express our

gratitude to the anonymous reviewers for their

insightful remarks and suggestions, which consider-

ably improved the quality of the manuscript.

Research partially funded by the Programa Operativo

FEDER Andalucı́a 2014-2020—Call made by the

University of Jaén, 2018.

Author Contributions Conceptualization, MH; methodology,

MH and JAP; validation, MH, JAP, JH and RS; formal

analysis, MH and JAP; investigation, MH, JAP, JH and RS;

resources, MH; data curation, MH and JAP; writing-original

draft preparation, MH and JAP; writing-review and editing,

MH, JAP, JH and RS; visualization, MH and JAP; supervision,

MH, JAP, JH and RS; project administration, MH; funding

acquisition, JAP. All authors have read and agreed to the

published version of the manuscript.

Funding

The second author is grateful for partial financial

support for this research work through the Programa

Operativo FEDER Andalucı́a 2014–2020—Call by

the University of Jaén, 2018.

Declarations

Conflict of interest The authors declare that they have no

conflict of interest.

Publisher’s Note Springer Nature remains neutral

with regard to jurisdictional claims in published maps

and institutional affiliations.

REFERENCES

Abrahamson, N. A., Silva, W. J., & Kamai, R. (2014). Summary of

the ASK14 ground motion relation for active crustal regions.

Earthquake Spectra, 30, 1025–1055.

Akkar, S., & Bommer, J. J. (2010). Empirical equations for the

prediction of PGA, PGV, and spectral accelerations in Europe,

the Mediterranean region, and the Middle East. Seismological

Research Letters, 81(2), 195–206.

Albarello, D., Camassi, R., & Rebez, A. (2001). Detection of space

and time heterogeneity in the completeness level of a seismic

catalogue by a «robust» statistical approach: An application to

the Italian area. Bulletin of the Seismological Society of America,

91(6), 1694–1703.

Ambraseys, N. N., Simpson, K. U., & Bommer, J. J. (1996). Pre-

diction of horizontal response spectra in Europe. Earthquake

Engineering & Structural Dynamics, 25(4), 371–400.

Atkinson, G. M., Bommer, J. J., & Abrahamson, N. A. (2014).

Alternative approaches to modeling epistemic uncertainty in

ground motions in probabilistic seismic-hazard analysis. Seis-

mological Research Letters, 85(6), 1141–1144.

Arroyo, D., Ordaz, M., & Rueda, R. (2014). On the selection of

ground-motion prediction equations for probabilistic seismic-

hazard analysis. Bulletin of the Seismological Society of America,

104, 1860–1875.

Barani, S., Spallarossa, D., & Bazzuro, P. (2009). Disaggregation

of probabilistic ground-motion hazard in Italy. Bulletin of the

Seismological Society of America, 99, 2638–2661.

Bakun, W. H. (1984). Seismic moments, local magnitudes, and

coda-duration magnitudes for earthquakes in central California.

Bulletin of the Seismological Society of America, 74, 439–458.

Bazzurro, P., & Cornell, A. C. (1999). Disaggregation of seismic

hazard. Bulletin of the Seismological Society of America, 89,

501–520.

Beauval, C., Tasan, H., Laurendeau, A., Delavaud, E., Cotton, F.,
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López Casado, C., Molina, S., Delgado, J., & Peláez, J. A. (2000).
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