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Abstract This study deals with the application of
probabilistic seismic hazard analysis (PSHA) for a rock
site located in Algiers city. For this purpose, recent
ground motion prediction equations developed in the
world for similar sismotectonic context are used
through logic tree in PSHA framework; the obtained
results reflect clearly the high seismicity of the consid-
ered region. Moreover, deaggregation analysis is
conducted to obtain the mean scenario in terms of
magnitude and distance. In addition to the scalar-
PSHA, a new method named vector-PSHA developed
in recent years is performed in this study. Based on the
multivariate probability theory, the software used in
scalar approach is modified allowing the application
of this approach for a real site in Algiers city with a
vector of two and three parameters of intensity mea-
sure. The results are presented in terms of the joint
annual rate of exceeding several thresholds such as
PGA, PSA(T) of multiple vibration periods, peak
ground velocity and Arias intensity and comparison
between results of PSHA and V-PSHA is done.
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1 Introduction

The principal objective of seismic hazard analysis is to
estimate the likelihood that different levels of intensity
measures will be experienced at a site. In Algeria,
Many studies of seismic hazard have been carried
using both deterministic and probabilistic approach
and the results were often presented in terms of hazard
curves (Bouhaded and Laouami 2002) and hazard
maps (Pelaez et al. 2003, 2005) and the seismic loads
are defined in the Algerian seismic code (RPA) based
on the hazard maps of peak ground acceleration (PGA)
for different return periods. In this study, based on
previous studies of seismotectonic and seismic hazard
of Algeria (Meghraoui 1988, Meghraoui 1992a, b;
Boudiaf 1996; Geomatrix and CGS 1998; Hamdache
1998; Harbi et al. 2007; Maouche et al. 2011) proba-
bilistic seismic hazard analysis (PSHA) for a rock site
located in Algiers city is conducted with considering
several intensity measures like PGA, pseudo spectral
acceleration (PSA)(T), peak ground velocity (PGV),
and Arias intensity (4;). The seismic model incorpo-
rates geologic, geodetic, and instrumental seismology
data and considers the background earthquakes as
point sources located at depth between 0 and 20 Km,
which conforms to the observed depth of almost all
events that has occurred in the region.

Recently, a new method has been presented by
Bazzurro (1998) named Vector-PSHA which expresses
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the joint annual rate of exceedance of two or more inten-
sity measures; it allows improving therefore the charac-
terization of the future ground motion. Furthermore,
Bazzurro et al. (2009) introduced an indirect method in
which one doesn’t need modification of the PSHA’s soft-
ware by just using some manipulation of PSHA results
such as the hazard curves of different intensity measures
and conditional distributions of magnitude and distance
from deaggregation. However, this method has almost not
been used in seismic hazard studies, maybe because of its
computational demanding effort.

In the present work, PSHA’s software is modified to
perform vector-PSHA (V-PSHA), the means and the
standard deviations of the multivariate normal distribu-
tion of two and three intensity measures are computed
based on the multivariate probability theory. The annual
joint rate of exceedance of two and three intensity
measures such as PGA, PS4, PGV and A, are computed
and compared with results from PSHA.

2 Scalar probabilistic seismic hazard analysis
2.1 PSHA background

Conventional scalar-PSHA allows the computation of the
annual mean rate at which a particular intensity measure
IM (e.g., PGA, PGV, PSA(T)) will adopt a certain value.
Equation (1) gives the mathematical description of
PSHA, it integrates over all possible ground motion
scenarios defined in terms of magnitude (M), distance
(R) and other seismological parameters (6) from the N
sources located in the surrounding area as follows:

Aoy (im) = Zﬁf?meski{ﬂP(IM > im)f g (m, r)dmdr}i

(1)
Where:
A; 1s the activity rate of the earthquake greater than
M,,;,, for source i .
JSu.r(m,r)is the joint probability density function of
magnitude M, distance R for source i.
and:

P(IM > im) = 1-®(&;n) (2)

(ln im_:“‘ln[M\mJ)
Eim =~ (3)
OlnIM|m,r
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Where & is the standard Gaussian CDF, and ¢,
named the epsilon is number of standard deviation by
which the logarithmic of the threshold level of any
ground motion parameters deviate from the median
value predicted by a ground motion prediction equa-
tion (GMPE) given M, R and 6.

The variation of ground motion in terms of magni-
tude, distance and 6 is expressed using ground motion
prediction models GMPEs which has the general form
as follow:

In(IM) = InIM(M, R, 0) + o(M,R,0).€m (4)

And therefore, the variability of the empirical inten-
sity parameters /n(/M) around the median value

InIM (M,R,0) for the same seismological parameters
(M,R and 0) is accounted by the standard deviation o.

2.2 Site-specific scalar-PSHA computation
2.2.1 Description of the site

A real rock site located in Algiers city is considered in
this study at the coordinate of 3.05 E; 36.75 N. This
region has suffered frequently from destructive mod-
erate to strong earthquakes. The considered site is
located very close to Sahel fault, south Metodija basin
fault, and Zemourri fault. The last one was responsible
for the 2003 Boumerdes earthquake (My 6.8), the
earthquake characteristic model is considered. The
characteristic earthquake recurrence rate was calculated
using the seismic moment estimated from the presumed
geological slip rate and fault geometry as suggested by
Youngs and Coppersmith (1985).

The seismicity parameters for the north Algeria
source areas such as a and b values for Gutinberg—
Richter relationship and the maximum expected mag-
nitudes M,,,. were computed by Hamdache (1998) and
Hamdache et al. (1998). The maximum magnitude was
calculated using the statistical procedure of Kijko and
Sellevoll (1989).

2.2.2 Hazard curves

Algiers falls within an area of active shallow crustal
seismicity, and therefore, the GMPEs of Akkar and
Bommer (2010), Boore and Atkinson (2008),
Ambraseys et al. (2005) and Berge-Thierry et al.
(2003) are employed to compute the ground motion
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intensity (PGA, PSA (T)) at the considered site. An
equal weight is assigned to each equation within the
logic tree framework.

Hazard curve is the basic result of PSHA, it shows
the probability of exceeding a ground motion level for
a range of ground motion values. Figure 1 shows the
hazard curves for short and long periods (PGA, PSA
(7=0.2 s) and PSA (7T=0.5 s), PSA (T=1 s) and PS4
(7=2 s)). These curves reflect the high seismicity of the
Algiers area and reveal that for the commonly used
return period of 475 years, the expected mean ground
motion values for different periods are PGA=4.3 m/s*,
PSA(0.2 s)=10.28 m/s?, PSA(0.5 s)=6.0 m/s?,
PSA(1.0 s)=3.14 m/s*, and PSA(2.0 s)=1.2 m/s*. It is
important to underline that these obtained accelerations
are more important than those proposed by the
Algerian seismic code.

In this study, we extend the analysis to other ground
motion parameters such as PGV and Ai. The equations
of Akkar and Bommer (2010) and the equation of
Danciu and Tselentis (2007) are used for PGV and A,
respectively, and the results in Figs. 2 and 3 show
relatively high values such as PGV=20.48 cm/s and
Ai=80.46 cm/s for the 475 years return period.

2.2.3 Deaggregation

Deaggregation analysis for the considered site is
conducted and the mean scenarios in terms of magnitude
and distance associated with a corresponding 475 years
return period or 10 % 50 year probability of exceedance
are computed. Figures 4 and 5, respectively, present the
deaggregation results for PS4 at 0.2 and 1 s.

At short periods such as 0.2 s, the seismic hazard at
Algiers city is dominated by mean scenarios M., =6.3 at
close source-to-site distance Rycn=16 km, and at inter-
mediate periods, such as 1.0 s, the seismic hazard is
governed by strong earthquake M;,..,=0.8 at a larger
distance R pean=26 km.

3 Vector probabilistic seismic hazard analysis
3.1 V-PSHA formulation

V-PSHA has the same concept of PSHA; it expresses the
annual joint rate of event with two or more of intensity
measures exceeding specific threshold levels. It has been
developed in recent years with the assumption of the

Annual freq. of exceedance

7777777777777777777 - - —e—PGA

—+— SA(0.25)
—o6— SA(0.5s)

PGA (g)

Fig. 1 Mean hazard curves at the considered site for PGA, pseudo spectral acceleration (PS4) (7=0.2 s), SA (7=0.5 s), SA (7=1 s) and

SA (T=25)

@ Springer



J Seismol (2014) 18:319-330

322

: i :
:, : :, ,:
e | e e e I
) R B P — I = = —
e | e e e

L+ o = T == 1= = RIS e

90oUBPa8OXd JO "baly enuuy

10

10

PGV(cm/s)

Fig. 2 Mean hazard curves at the considered site for PGV

Equation 5 gives an example of the formulation

of 3D V-PSHA with three ground motion intensity
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Fig. 4 Disaggregation at the considered site for PSA(0.2 s) at 475-year return period A(PSA(7=0.2 5))=0.0021, Mpean=6.3, Rmean=16 Km
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measures IM;, IM, and IM5. The mean annual rate
of exceeding the threshold levels im;, im, and

im3, respectively, is described mathematically as
follow:

. . . N . . .
Moty vt s (i, imy i3 ) = Zizlki{fﬁP(lMl > imy, IMy > imy, IM3 > im3|m,r)f s p(m,7) dmdr} ()

i

Where:

A; 1s the activity rate for source i

and the probability of exceeding can be computed as
follow:

P(IM1 > imy, IMy > imy, IM3 > im3\m,-,r,-)

= jﬁfnl ,imz,im3f(1M1 5 1M2,1M3 |Wli7 Vi)dimldiM2diM3

(6)
The joint probability density function f{IM,IM,,IM;]
m;r;) in Eq. 6 can be rewritten in the conditional form:

f(]M1,1M2,1M3|m,-, }"i)

= fUM|[IMy, IM 3, m;, ;) f (IMo|IM 3, m, r;) f (IM3]my, 1)
(7)

Based on the assumption of multivariate normal
distribution between ground motion intensity measure
IM;, the mean and standard deviation of the distribution
SUM,|IMy,IM3,m;,r;) are computed using the variance—

H(IMy | IMo IMs i) = {Mlan + [prpo102 P130103][

pno20s 03

covariance matrix ()’) defined as:

021 P120102  P130103
E = | P120102 022 02302203 (8)
P130103 30203 93

01, 05 and o3 are the values of standard deviation
derived from ground motions prediction models of the
corresponding ground motion parameters /M;, IM, and
IMs;, respectively, that correspond to each couple of
magnitude distance m;,r;.

P12, p13 and py3 are correlation coefficients between
each pair of these parameters.

The mean and standard values of the first pa-
rameter conditioned on the two other parameters

(N([Ml\ IMy IM3,m;ri)> @ ([M1|IM2,[M3,m;,rl)) for each cou-
ple m,r; are then computed following the multi-
variate probability theory as follow:

1y .
230203 Inima=fu 1, (9)
Inimz—puyn ar, .

2
O (IM,| IMo IM3.,m; ;)

-1
_ ) 2 o P230203 P120102
=40 010 010
{ 1=lpio1o2 pizo 3][/)230203 023 ] [/’13‘7103]}mr

(10)

The distribution f(IM,|IM3,m;,r;) is easier to define

by the mean and the median values calculated for each
couple (m;,r;)as follow:

2302 .
MMy i) = {Nlan + o *(1“1m3_M1MM3)} (11)
m;,ri

O (IM,|IM3.mri) = {Ulan + OniM>\/ I_P%Mz‘nm }m ; (12)

Several correlation models have been developed for
different intensity measures that allow computing the

Table 1 Correlation models selected for each pair of intensity measures considered

PGA PSA at various periods PGV Arias intensity
PGA Unity Baker and Jayaram (2008) Bradley (2012) Baker (2007)
PSA at various periods Symmetric Baker and Jayaram (2008) Bradley (2012) Baker (2007)
PGV Symmetric Symmetric Unity Aochi and Douglas (2006)
Arias intensity Symmetric Symmetric Symmetric Unity

@ Springer
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Fig. 6 Seismic hazard contours (mean annual joint rates of exceedance) for the pair of (PGA, PGV)

correlations coefficients (p;), Baker (2007) presents
correlation models between Arias intensity and PSA

for a range of structural periods. Moreover, Baker and
Jayaram (2008) provide models of the correlations
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between PSAs for different structural periods based
on analysis of a large dataset and for recent

GMPEs. Bradley (2011) studied the correlations
between relative significant duration and various
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other intensity measures like PGA, PGV, Ai and
PSA.

3.2 Site-specific V-PSHA application

The application of V-PSHA becomes possible with the
availability of several correlations models between
different intensity measures. Table 1 summarises the
correlation models selected for each pair of intensity
measures considered in this study.

Fig. 10 Comparison between a
PSHA and 2D V-PSHA re-
sults for PGA and PGV

0
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Annual freq. of exceedance
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2D V-PSHA is applied by using Egs. (11-12).
Figures (6, 7, 8 and 9) show the computed mean rates
of exceedance for four pairs of the considered intensity
measures at the Algiers site (PGA-PGV, PSA (T=0.5)-
PGV, PSA (T=0.5)-A4; and PSA (T=2)-4)).

The marginal distributions along the x- and y-axes
of the contour plots shown in Figs. (6, 7 and 8) should
correspond to the scalar-valued PSHA hazard curves
shown in Figs. (1, 2 and 3). Since along the axes, the
probabilities correspond to one of the /Ms being greater
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than zero (the x-axis corresponds to the probability that
PGA >0 and the y-axis corresponds to the probability
that PGV >0), this characteristic provides a way of
checking that modified software is being performed
correctly. Figure 10a, b compares the marginal distri-
butions from the contour plots to the standard hazard
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curves for PGA and PGV. It shows that for this pair of
IMs, the marginal distributions quite closely match
those scalar-valued hazard curves.

Following Eq. 5-10, 3D V-PSHA is conducted.
Figure 11 shows the results in terms four surface plots
of the joint mean annual rates of exceeding three
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threshold levels corresponding to three intensity measures
PGA, PGV and Ai. Each surface plots the joint hazard for
PGA, PGV and 4; (PGA > x, PGV > y, A; > zcm/s)
corresponds to one value of z (1, 20, 50, 100 cm/s).

For checking the results of 3D V-PSHA, we com-
pare the hazard contours of the PGA-PGV pair
obtained by 2D V-PSHA shown in Fig. 6 with hazard
contours of 3D V-PSHA in terms of PGA, PGV and 4;
corresponding to 4; >0. It is shown in Fig. 12 that the
contours obtained from 3D V-PSHA based on multivari-
ate probability theory closely match the contours obtained
from a direct integration method of 2D V-PSHA.

4 Conclusion

In this study, scalar and vector probabilistic seismic
hazard analysis methods are described and conducted
for a rock site located in Algiers city; for this purpose,
several intensity measures are considered such as PGA,
PSA(T), PGV and Arias intensity 4i. Those parameters
could have great importance in the risk assessment of
buildings and geotechnical structures. In general terms,
the obtained results reflect clearly the high seismicity of
the considered region. We also show that the seismic
hazard for PGA and PSA of both short and intermediate
period is dominated by events of medium to high mag-
nitude, usually (M,, >6.0) for 475 years return period.

Based on the theoretical assumption of multivariate
distribution of intensity measures, V-PSHA is performed
in this study by modifying the classical software of
PSHA; results are presented in terms of the annual joint
mean rate of exceeding of two and three value’s thresh-
olds of different intensity measures. These results allow
the characterization of several aspects of strong ground
motion thought probabilistic seismic hazard analysis
which could improve the prediction of damage in struc-
tural and geotechnical engineering problems.
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