Auvailable online at www.CivileJournal.org

Civil Engineering Journal

Vol. 4, No. 7, July, 2018

Updated Probabilistic Seismic Hazard Assessment for Irag/2018

Mustafa Shakir Farman 22, AbdulMuttalib Isa Said ¢

# Faculty Member, Technical Institute of Samawa, Al-Furat Al-Awsat University, Irag.
® Ph.D. student, Civil Engineering Department, University of Baghdad, Baghdad, Irag.
¢Prof., Faculty Member, Civil Engineering Department, University of Baghdad, Baghdad, Iraq.
Received 25 April 2018; Accepted 12 July 2018

Abstract

Recently, Iraq has experienced an unprecedented seismic activity, specifically, near the east boundary with Iran which
reveals the need to re-evaluate the seismic hazard at this region. This study consists of two phases. The first is collecting
the earthquake records covering the recent events till the end of November 2017 including the 12 November 2017 (7.3Mw)
earthquake, and applying data processing to get the net data for independent events for the study area which were more
than 4300 of net main earthquakes of Mw = 4 and were used in the second phase. The second phase is applying the PSHA
method by dividing the study area into a grid of small cells of size 0.5x0.5° and the hazard parameters were calculated at
the center of each of these grid cells then, converting the final results to contours over the study area. It is found that the
values increases towards the east-northeast and north due to the continued tectonic boundary convergence between the
Arabian, Iranian and Turkish plates which produces intense earthquake activity. The design spectral acceleration at 0.2 and
1.0 seconds found to be 0.33, 0.17, 0.47, 0.25, 0.71, 0.35 g for Basra, Baghdad and Erbil, respectively. The comparison
between the PGA values from this study and from the seismic hazards maps from Iraqi seismic codes of 1989, 1997 and
2016, for return periods of 475 and 2475 years, reveals the continued increase with time which reveals the need to updating
the seismic hazard maps continuously.
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1. Introduction

Iraq situated on the north portion of the Arabian Plate and surrounded in the north and east boundaries by the Bitlis-
Zagros Thrust and Fold Belt, where the convergent tectonic boundary between the Arabian and Eurasian plates produces
intense earthquake activity. Figure 1.a shows the counterclockwise rotational motion and northeast trending transitional
motion of the Arabian plate. Most of the earthquakes are occurring in the crust along the Taurus and Zagros mountain
ranges and their foothills [1, 2].

The Arabian plate is subducted under the Iranian and Turkish plates compressing the Tethyesides geosyncline belt as
part of the Alpine movement, which arrived its climax in the Tertiary and continued up to the Pliocene, where the Tethys
Sea was totally closed in the region. Zagros Mountains that are part from the Alpine-Himalayan orogenic system can be
subdivided into three structural zones which are: an inner crystalline zone of overthrusting, an imbricate zone, and a
zone of folding that is referred to as the simply folded zone (the north and northeastern parts of Iraq, Figure 1.b). Taurus
Mountains took an E-W trend in the north of Iraq. These two plate boundaries have complicated tectonic patterns, and
it is believed that the forces which have formed these two plate boundaries are still active [3].
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At recent years, Iraq has experienced an unprecedented seismic activity, specifically, near the east boundary with Iran
which reveals the need to re-evaluate the seismic hazard at this region. One of the main previous studies that went a long
way in applying the PSHA for Iraq is reported by the seismic design code of Iraq (1988) where the Iraqi earthquakes
data file has been compiled and prepared for the period 859 — 1986. Completeness analysis indicated that the data were
completed for seismic events of Ms=4.8. Ten area sources were identified and used in the report. The activity
parameters of these seismic sources have been evaluated. The final results have been plotted in the form of contours of
PGA for return periods of 50, 100, 200 and 500 years. The attenuation relationships given by Donovan 1973a, McGuire
1977, Esteva 1974, Fahmi 1988 and Cornell 1979 for the PGA were used in conjunction with Poisson distribution in the
PSHA to plot these map [4-8].
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Figure 1. a) The tectonic setting of Iraq and environs, b) Main structural zones of Iraq [3]

Al-Sinawi et al. (2003) published their study on Iraq region that was executed a decade before their publication. They
used earthquakes data for the period 1900-1988 to plot contour maps of PGA for Iraq region using return periods of 25,
50, 100 and 200 years. Five line sources and four seismic area sources were used in their study. They used an attenuation
relationship given by Esteva 1974 in conjunction with Poisson distribution in the PSHA to plot these maps. They were
found that the PGA increases towards the east-northeast and the east. The de-clustering process was not applied on the
earthquakes data in the previous two studies, which means, their data includes dependent events whereas Poisson
distribution is used for independent events [9].

Also, recent codes use a probability of exceedance of 2% in a 50 year period, which means, the return period is 2475
years, whereas the larger return period used in the previously mentioned two studies is 500 years. Also, the outputs of
these two studies were in terms of the PGA, while the recent codes and researches used the spectral accelerations at 0.2
and 1.0 seconds as aground motion intensity measure.

Ameer et al. (2005) studied the seismicity of Iraq region using seismicity data that has been collected and prepared for
the period 1905-2000. Completeness analysis indicated that the earthquakes data were completed for Ms>4.8. Also,
they found that the activity parameters a and b of the complete data for Iraq are 6.49 and 0.89, respectively. They
proposed a seismic sources model for Iraq region that includes thirteen of area sources. The activity parameters of these
sources have been evaluated, but their study not continued to include all the PSHA process [3]. Onur et al. (2016) studied
the seismic activity of Iraq region which is the latest study till now. They used earthquake data that encompasses the
region bounded by longitudes (36° —51°) E and latitudes (26° - 40°) N, and includes about 4,000 earthquakes of Mw>
4.0 for the period 1900-2009 and including dependent events. Completeness analysis indicated that the data were
completed for Mw> 6.5. They used the geological and tectonics information to identify twelve area sources. The activity
parameters a and b were evaluated for each of these sources using the developed catalogue whereas mmax values have
been calculated using the geometry of known faults inside each source. Also, contour maps of PGA and spectral
accelerations at 1.0 and 0.2 seconds have been plotted for a return period of 2475 years [2]. For the seismic sources in
the active shallow crustal region, they used four attenuation relationships given by Boore et al. (2014), Chiou and Youngs
(2014) and Campbell and Bozorgnia (2014) in conjunction with Poisson distribution in the PSHA to plot these maps,
but they based on dependent data events. Also, they are divided the data of the study area into three main regions based
on a detailed analysis, these are the stable, Bitlis and Zagros regions. This is to capture the regional variability [10-12].
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According to the previous prelude and the increasing seismic activity in the region, there is an urgent need to re-apply
the probabilistic seismic hazard analysis (PSHA) in order to update the seismic hazard maps for Iraq but basing on
earthquake data to be collected including the recent earthquakes till the end of November 2017 and including the 12
November 2017 (7.3Mw) earthquake, and after applying data processing to get the net earthquakes catalogue of
independent events, which is the main objective of this study.

Accordingly, this study can be divided into two main stages, the first is collecting earthquakes data records and
applying data processing including homogenization, removing duplication, de-clustering and completeness analysis.
The second stage is applying all steps of the PSHA method based on the resulted data from the first stage.

2. Collecting and Processing Data

The earthquakes data prepared for this study covers an area outlined by longitudes (36°.00 —51°.00) E and latitudes
(26°.00 - 40°.00) N, which is the same area used by Onur et al. (2016), and their outlines are about 300 km distance to
nearest boundary of Iraq [2]. Four main sources used in compiling these data, the first one is the Iraqgi earthquakes data
file from the report of the seismic design code of Iraq (1988), that includes more than 600 earthquakes for the time
period 859 — 1986, and they are in terms of Mb, ML, Ms. The second source is the Iranian earthquake data from Iranian
Institute of Earthquake Engineering and Seismology (IIEES) that includes about 9500 of earthquakes for the period
started from 1900 up to the end of November 2017, and they are in terms of Mb, ML, Mw, Ms, MD. The third source
is the Turkish earthquake data from the Disaster and Emergency Management Authority of Turkey (AFAD) that includes
more than 2300 of earthquakes for the period started from 1900 up to the end of November 2017 and they are in terms
of Mb, ML, Mw, Ms. The fourth source is the global CMT catalog that contains 238 of earthquakes for the period started
from 1976 up to the end of November 2017, and they are in terms of Mb, Mw and Ms.

Each of the four earthquakes data sources has its different and special tabulated format, therefore a MatLab program
is constructed to read and deal and rearrange these different formats in a one unified tabulated format of location, date,
time, moment magnitude scale and the hypocenter depth.

The Mw scale is a more accurate measure, specifically, for large earthquakes, besides that most of the contemporary
attenuation relationships are in terms of Mw, therefore; all magnitude scales will be converted to Mw. In order to develop
relationships between Mw and other magnitude scales, earthquakes data from the same study area are used. The data of
the CMT catalogue provides Mb, Ms, and Mw magnitudes for individual earthquake events, hence; it is used to calibrate
the relationships that converting Mw to Mb, (Figure 2), and Mw to Ms, (Figure 3).
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Figure 2. Regression relation between Mw and Mb

As can be seen from these figures that the resulted solid-line of regression of Mb to Mw in Figure 2 is near to line of
Yazdi and Zare (2012) [12]. In Figure 3, the resulted solid-lines of regression of Ms to Mw are near to lines of Yazdi
and Zare (2012) and lines of Scordilis (2006) [13, 14]. Figure 4 shows the resulted relation between Mw and ML. The
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four Equations 1, 2a, 2b and 3 are formulated from relations of Figures 2, 3 and 4. The equation given by Onur et al.
(2016), which is Equation 4, is used directly to convert MD to Mw, this is due to the few events in terms of MD.
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Combining the four earthquakes data sets led to some duplicate events, that have to be removed. Wheeler (2003)
considered the earthquakes data are duplicated when their similarity in time are within one day, ten hours, 60 minutes
and one minute for those that before 1800, 1900, 1950 and during or after 1950, respectively. He based on the fact that
the time windows are larger for older earthquakes because reporting was often slower and time keeping may have been
less accurate. Also, he considered similarity in magnitude within a few tenths of a magnitude unit, and similarity in
location within a few tenths of degree are duplication [15]. Nasir et al. (2013) considered similarity in location within
0.05 degree and similarity in time within one hour are duplication [16].

The criteria of Nasir (2013) will be used in this study but with the time windows from the criteria of Wheeler (2003).
A MatLab program is constructed to read the combined data and to remove duplicated events basing on the above
selected criteria. After combining seismic events of Mw>4 from the four data sets, the total number of events in the
combined catalogue reached to 7415. The duplicated events were 461, therefore; the resulted net catalogue contains
6954 of events [15, 16].

Windowing procedures are the simple ways of identifying and removing aftershocks to get the main independent
shocks, (de-clustering), basing on the general assumption that seismic events are Poissonian distributed. Gardner and
Knopoff (1974) proposed a broad windowing procedure for time and distance in terms of magnitude and presented in a
table. The windowing algorithm given by Uhrhammer (1986) is easy to implement, straight forward and presented in
two equations for time and distance, [17-20].

The windowing algorithm given by Uhrhammer (1986) will be used in this study to remove the aftershocks and
foreshocks, (dependent events). A MatLab program is constructed to read the net catalog of unduplicated earthquakes
and to apply the de-clustering process based on the algorithm given by Uhrhammer (1986). The net catalogue contains
6954 events, and remain only 4315 main events after de-clustering. That means, about 38% of the total net events have
been removed by de-clustering process, Figure 5. Also, it is found that about 91% of the main shocks have a depth
ranging 0 to 35 km, which indicates that most of earthquakes in the Iraq region exhibit shallow crustal seismic activity.
These main earthquake events and their information will be considered as the input data file for the PSHA analysis.
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Figure 5. a) Epicentral distribution for the total 6838 shocks with Mw>= 4, red circles are the 2639 aftershocks and
foreshocks, black circles are the 4315 main shocks which are same as that in drawing (b), b) main shocks with Mw>= 4, c)
main shocks with Mw>= 5, d) main shocks with Mw>= 6
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Several methods have been proposed to identify the magnitude, (Mc), at and above which an earthquake data file
can be considered to be completed, or to identify time intervals within which a certain magnitude range of the data file
can be considered to be completely reported. Stepp (1972) proposed a statistical and graphical method which is used to
identify completeness time intervals of the reported magnitudes [21].

One of the mathematical methods used to estimate completeness magnitude is the FMD method. In this method, Mc
is identified as the magnitude at and above which 90% of earthquakes data can be modeled by the Gutenberg and Richter
(GR) law and it is called the Goodness of Fit method, Wiemer, S., Wyss, M. (2000), [22]. The Gutenberg and Richter
(1944) law can be written as, (Baker 2008) [23, 24]:

LogN,=a—b.m ®)

Where a and b are constants to be obtained by regression of past earthquakes data, N, is the annual rate of earthquakes
with magnitudes greater than m.

In this method, a and b values of the GR law as a function of the minimum magnitude, (Mci), are computed, based
on the events with M > Mci. The b and a values are estimated using the maximum likelihood estimate. Next, a synthetic
distribution of magnitudes using the same a, b and Mci values is computed. This distribution represents a perfect fit to
GR law. Then, the goodness of fit, R, is computed as, [22]:

_w> (6)
Y Bi

Where: vyi is the predicted cumulative number of earthquake events while i is the observed cumulative number of
earthquake events, both in each magnitude bin. The synthetic distribution based on GR law will not model the FMD
adequately if Mci is smaller than the right Mc. That means, the goodness of fit (R) that computed in percent of total
number of observed earthquake events, is poor. R increases with increasing Mci until reaches a maximum value. At this
Mci, the GR law with the estimated a and b values can explain R% of the data variability and beyond this Mci, R may
decrease gradually, but, Mc is defined as the value of Mci at which the GR law can model 90% or more of the FMD,
[22].

The analysis of completeness was performed on the de-clustered catalogue for the whole study area and for each
seismic source using the goodness of fit method that was converted into a MatLab program based on Equation 6. It is
found that the earthquakes data of the de-clustered catalogue are complete for Mw>5.4 since 1900 where b=1.1114 and
a=6.4143, as shown in Figure 6.A. In Figure 6.b, the result of completeness analysis for source zone 7 is presented as
an example for seismic sources. Also, the Stepp method is applied on the de-clustered catalogue to identify the
completeness intervals, which are found to be: 5.5<=Mw<6 are complete since 1900, 5.0<=Mw< 5.5 are complete since
1928, 4.5<=Mwx< 5 are complete since 1968 and 4.0<=Mw< 4.5 are complete since 1988, Figure 7.A. The recurrences
of the previous intervals have been extrapolated along the total period and then fitted to GR law as shown in Figure 7.B,
where b=1.1327 and a=6.5681, which are near to that of Goodness of fit in Figure 7.A. It is necessary to mention that
all the programs used in processing the data have been checked manually.
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3. The PSHA Formulation

The seismic hazard at a site is generally defined by the seismicity intensity measure, IM. Formulation of the PSHA
is generally concerned with the estimation of the expected occurrence rate, N (IM > z), for the seismicity intensity
measure, IM, to exceed a specified value, z. For this purpose and based on the original formulation of Cornell (1968)
and that of Kramer (1996) [26, 27], this rate is formulated in the following Equation [24, 27]:

Nsources nM NR
N(M > z) = Z N, (Mi > m,;,,) Z Z P(IM > zImj, ro; )P(M; = m;) P(R; = rey) (7
i=1 j=1 k=1

Where: P(IM > Zlm]-,rek) is computed based on the ground motion prediction equation, (GMPE), where the GMPES
give the intensity measure of ground motion in terms of its mean logarithm, (LogIM), and by using the normal
distribution:

Logz — Lo’gTM]

P(IM > zimj,r) = 1 — q:[ (8)

OLogIM

Where: cLogm is the standard deviation provided by the GMPE, P(Mi = mj) and P(R; = rg)are the discretized
probabilities of occurrences for magnitude and distance. The conditional probabilities of exceedance of all possible
distances and magnitudes are added up through the summation operations. It is clear from Equation 7 that each
conditional probability of exceedance is weighted with the probability of occurrence of the related magnitude and
distance.

ngr and ny: are numbers of the discretized range of possible distances, Ri, and magnitudes, Mi, respectively, for each
source i.

N, (Mi > m,,;,): is the rate of occurrence of earthquakes with magnitudes greater than the minimum magnitude,
Mmin, fOr each seismic source i and it is computed from Equation 5.

Earthquakes with magnitudes less than m,,;, are of little engineering importance, therefore, they will not be
considered in the computations, (Baker 2008). Mostly, there will be more than one source. Hence, the rate of (IM > x)
from all sources are computed from the sum of rates of (IM > x) produced from each source.

The area seismic sources will be subdivided into small-size elements. Then, the epicenter of each small element will
be considered to be lying at the geometric center point of that element [28].

The points for the geometric centers of the small elements will form a regular grid of nodes. All nodes of this grid
are equally spaced in both longitude and latitude. Each node location is defined by one geographic coordinate which are
(longitude, latitude). All nodes contained inside the polygon of an area source represent, in a discrete way, this area
source. The spacing (in km) between any two contiguous nodes adjacent to the equator is greater than that at higher
latitudes. That means, the shape of elements tends to be squeezed as moving downward or upward towards the poles
[28].

Accordingly, an easy method is adopted to assure the homogeneity of the distribution of seismicity. In this method,
the seismicity is distributed in proportional to the element size. Particularly, for the seismic activity of each source to be
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uniformly distributed, each of the epicentral locations of the small elements is assigned a weight in proportion to their
areas, and based on the following relationship, [28, 29]:
Aek

PR, =ra) = 3= ©)

Where: Aey is the area of a small element k, and computed by the following relationship:

earth radius

2
360 ] cos(Latitudeofelement center) (10)

Aey = 4m. spcz.[

Where: spc is the distance in degrees between each two neighboring grid nodes used to discretize the seismic area source.
Earth radius is the mean radius of Earth and it is equals to 6371 km, [28] and A, is the total source area which is
computed by summation of areas of all elements of the source. The element-to-site distance, re, is computed by using
the spherical law of cosines, which is:

i
Teg = (ﬁ) .earth radius. cos™!(sin(Lat1) .sin(Lat2) + cos(Lat1).cos(Lat2). cos(long2 — long1)) (11)

Based on Equation 5, the cumulative distribution function for magnitudes of source i is, [24, 27]:

1— 10—b(mi—mimin)

Fyi(mi) = T where; mipj, < mi < Mip (12)

— 10_b(mimax_mimin) ’
Where: mimax is the maximum earthquake magnitude that can be produced by a given source i. Finally:

P(M; = my) = Fyy, (mj31) — Fy, (my) (13)

Where: mj are the discrete domain of earthquake magnitudes, arranged in such a way that mj<mj+1=mj +dm. Referring
to Equation 13, the probabilities of all magnitudes between the values mj and mj+1 are assigned to the discrete value
mj. This approximate procedure will not affect numerical results as much as the discrete magnitudes become closely
spaced. Therefore, the practical PSHA analysis mostly uses a magnitude spacing, (dm), equals or less than 0.1 [24].

4. Earthquake Occurrences with Time

In accordance with Poisson's assumption, the probability that the ground motion intensity exceeds the test level z at
least once during a specified time interval t will be computed as [27]:

P(IM>z) =1 —e Nt (14)

It is well mentioning that rate N in Equation 14 is the same as N(IM > z) from Equation 7, therefore Equations 7
and 14 as will be noticed later are used in conjunction.

5. Formulation of the PSHA Steps on Iraq

After the data has become ready, a number of subroutines have been built and connected together using MatLab in
order to apply the PSHA method. Each subroutine executes one of the steps of PSHA. Then, a main program has been
built just to call these subroutines to execute the whole PSHA steps in a sequential manner according to the sequence of
these steps. It is well mentioning that this program will be checked by testing its results with another work at end of
Section (5.5).

5.1. Identifying Seismic Sources

The twelve area sources with a uniform seismicity rates that identified and used by Onur et al (2016) will be adopted
and used in this study since they cover most area of Irag and its surrounding regions and their events. Accordingly,
Figure 8 shows the spatial distribution of the adopted seismic source model besides the epicentral locations of
earthquakes data of the final net catalog [2].

In reference to Figure 8, most of the data are inside the sources lying along the border region with Turkey and Iran,
i.e. in the active shallow crustal region. Also, the method used to identify each area source is illustrated in Figure 9,
where (Xo, Yo), (X1, ¥): are the coordinates, (in degrees), of the lower left point and the upper right point of the study area
and then, the data will be distributed to these specified sources according to their coordinates. Finally, the output will
be the data and its number for each source.
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5.2. Identifying Earthquake Distances

After identifying and dividing each seismic source into the small elements, the distance from each node of the grid
inside the source, (the geometric center of each element of the source), to any node of the grid within the study area,
(the site), is considered as the epicentral distance, (re), to that site. This distance will be computed from Equation 11
which will be used later in the GMPEs. Also, this distance is computed for each source element from its center to each
grid node, (the site). Then, using spc equals 0.5°, the number of the nodes of the grid will be 899, therefore, this distance
will be computed 899 times for each small element of the twelve seismic sources. Next, the area of each element will
be computed from Equation 10, then the total area of each source will be computed by summation of areas of all elements
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of the source. This is for using Equation 9 in computing P(R; = r,) to be used later in the main Equation of the PSHA,
(Equation 7).

5.3. Identifying Earthquake Magnitudes

Equations 12, 13 will be used to compute the discrete probability distribution of magnitudes for each seismic source.
A magnitude increment of dm=0.1 will be used in Equation 13. In order to use Equation 12, the maximum expected
magnitude, mmax, Need to be computed or specified for each source. The method of Kijko and Singh (2011) to calculate
Mmax Will be used, basing on the observed mmax from the instrumental and historical data. But, this solution needs the
results of completeness analysis such as M, b, etc., of each source [30]. Therefore, the completeness analysis will be
applied firstly, using the goodness of fit method, for each source [22]. Also, a minimum magnitude of 4.3 will be adopted
for all sources. The activity parameters of all sources are presented in Table 1.

Table 1. The activity parameters of all seismic sources, (Mwmin = 4.3 for all sources)

Source Zone No. Mc G-R: a-value G-R: b-value Maximum expected Magnitude
1 438 5.6768 1.1824 7.65
2 4.4 4.9485 1.1835 7.50
3 4.0 3.0627 0.7896 7.35
4 4.7 2.2943 0.6776 7.35
5 49 5.7409 1.1873 7.05
6 4.6 5.9087 1.1152 7.42
7 49 5.2083 1.1146 7.20
8 49 4.9947 1.1922 5.97
9 4.6 49311 0.9927 7.79
10 4.1 3.2198 0.7783 7.42
11 42 3.2552 0.8294 6.75
12 43 3.1575 0.8554 5.75

5.4. Ground Motion Intensity

In case there is no available sufficient strong ground motion data, generally several numbers of ground motion
prediction equations, (GMPES), are selected, and then these equations are combined through a logic-tree approach [31].
The criteria mentioned by Cotton et al. (2006) includes many steps through which reasons should be found for rejecting
equations and excluding them from the whole list of the available candidate equations [32].

Among the more general GMPEs developed worldwide, the European equations were built according to data sets of
shallow crustal earthquakes which involve many records from the Middle Eastern countries like Turkey, Syria, Jordan,
Iran, Algeria and Armenia. The majority of these countries are surrounding the boundaries of Iraq [33, 34]. This
motivates using these equations as candidate models according to the criteria of Cotton et al. (2006) [32]. Further, and
to ensure that there is no dependence or there is no overlap or the overlap is only partial in the data sets from which the
GMPEs were generated, candidate equations that based on data sets of shallow crustal earthquakes that involve global
records will be considered [6, 33]. Two GMPESs will be used for active regions which are that of [6, 34]. The two GMPEs
of Pezeshk et al. (2015) and Al Noman et al. (2015) from NGA East project, (stable regions), will be used for the west
stable region of Irag. Also, the logic tree shown in Figure 10 summarizes the uncertainties in source characterization
and GMPEs [35, 36].

5.5. Applying PSHA on Iraq

The soil type and the probability level (2%) were selected correspond to the requirements in recent Iraqi building codes.
The PSHA computations were performed for PGA and spectral accelerations, (Sa), at periods of 0.2 and 1.0 seconds
and for 2% probability of exceedance in a time interval of 50 years and 5% damping.
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Source ID Mmax GMPEs for Active Regions
AreaSources in Computed +0.2 Akkar et al. 2014
active regions Weight: 0.25 Weight: 0.5
1,2,56,7,8,

9,10& 11
Computed Boore et al. 2014
Weight: 0.50 Weight: 0.5

Catalog
of Main C\c;vaul:‘J‘.dO'z(;'z
Shocks eight: 0.
GMPEs for Stable Regions
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3,48 12 Weight: 0.25 Weight: 0.5
Computed Al Noman etal. 2015
Weight: 0.50 Weight: 0.5

Computed - 0.2
Weight: 0.25

Figure 10. The Logic tree used in characterization of seismic sources and ground motion

The main program will solve Equations 7 and 14, which are the two main equations of PSHA, and applies a solving
method deduced from the hazard curve principle to calculate the value of IM at each site. It begins by using IM values
starting from the lowest value and then, iteratively increased by an equal increments. It can be seen from Figure 11 that
as the value of IM increases, the probability of exceedance decreases and approaches 0.02 until it reaches 0.02 or a little
less, in other word, the result of Equation 7 which is the value of N(IM > x), becomes less than (1/2475). Now, the
iteration process will be stopped, and the final value of IM is saved as the value at that node or site, and so on for other
grid nodes. Hence, the output will be the values of PGA or Sa at a specified period and with a specified probability of
exceedance and with a time interval of 50 years. This will be done at each site grid node, which means the output file
will contain 899 of values for each IM, (acceleration), to be computed or for each run. Finally, the output file values are
drawn as a contour map of Sa or PGA for the study region.

Ie

10°

P(Ss> Z | t=50)

23

10

0.1 I Hll | 10

Spectral acceleration at 0.2s (g)

Figure 11. A simple example of a Hazard curve in terms of Ss

For the purpose of testing the work of the built program with other program or other work, it is necessary to mention
that the seismic source model and the limits of the study area adopted in this study and then in the built program are the
same as that adopted and used by Onur et al. (2016) and then, they used the software EqHaz. From this it can be deduced
that if the same activity values, (Mmax, Mmin, b, a), are used, the results and then the work of the constructed program
can be tested indirectly with the software EqHaz as compared to their results. This comparison is explained in Figure 12
in terms of Sa at 0.2 second. The comparison shows up the similarity in behavior and the values are very close especially
in the boundary and interior of Irag. There is a very small difference in values in a few places because of the difference
in the used logic tree and used GMPEs. Figures 13, 14, 15 and 16 are the drawings of final results of this study. The

1620



Civil Engineering Journal Vol. 4, No. 7, July, 2018

values increases towards the north and the east-northeast due to the continued tectonic boundary convergence between
the Eurasian and Arabian plates which produces intense earthquake activity. From Figure 16, the design spectral
accelerations at 0.2 and 1.0 secs. Equal 0.33, 0.17, 0.47, 0.25, 0.7 and 0.35 g for Basra, Baghdad and Erbil, respectively.
Figure 17 was also drawn for comparison in Section (6).

40 1.1(9)

0.2Sa(g)
[ &
| T T
00 02 04 06 08  10(g) \
28° —— e 25’
40° 49° 48°

Figure 12. Spectral acceleration at 0.2 second for 2475 years return period on site class B, in units of (g), based on activity
parameters (a, b, Mmin and Mmax) from Onur et al. (2016): a) Results of the constructed program of this study, b) Results
of Onur et al. (2016)
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Figure 16. Design spectra for selected cities for a return period of 2475 years

6. Comparison with Values from the Seismic Design Code of Iraq

For comparison purpose, the PGA contour map for a return period of 475 years has also been plotted and then
presented in Figure 17. The PGA values for the three main cities, (Baghdad, Basra and Erbil), were taken from Figure
17 and from seismic hazards maps of Iraq from Iraqgi seismic code of 1989, 1997 and 2016 and they have been presented
in Table 2 and then in Figure 18. The values of code 2016 have been transformed from a return period of 2475 years to
a return period of 475 years by dividing on 1.71 according to the formula: PGA475= PGA2475*(10% / 2%)"(-1/3),
(from Eurocode-8, section 2.1). Also, The PGA values for the three main cities were taken from figure 15 and from
seismic hazards map of Irag from Iragi seismic code of 2016 for a return period of 2475 years, and they have been
presented in Table 2 and then in Figure 19. It is worth mentioning that the seismic hazards maps of Iraq from Iraqgi
seismic code of 2016 is the same as that of Onur et al. (2016) which based on data of a period up to 2009. Also, the
seismic hazards maps of Irag from Iragi seismic code of 1989 is based on data of a period up to 1986.
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Generally, it can be seen that the PGA values increases for the three cities in each time period from 1986 to 1997,
1997 to 2009 and from 2009 to 2017 which reveals the need to updating the seismic hazard maps continuously.

It can be seen from figures 18 and 19 that the rate of increase in the PGA is largest in Basra and lowest in Erbil,
while in Baghdad is in between. To interpret clearly this behavior although the largest earthquake has recently strike in
the northeast boundary of Irag with Iran, it is worth mentioning here that the PSHA method depend mainly on the
probability of occurrence of earthquakes, namely, on the number of earthquakes and then on the intensity or magnitude
of largest event. But, if the magnitude of the largest struck event is slightly larger than the magnitude of one of the
previous ones, the number of earthquakes will be the dominant in affecting the results of the PSHA method. Thus, a
simple statistical evaluation to the de-clustered seismic data adopted in this study revealed that the number of
earthquakes within a circle of radius of 300 km around Basra, Baghdad and Erbil are 332, 176 and 124 events,
respectively, as shown in Figure 20.

Thus, two points can be concluded from Figures 18 and 19, which are;

e Thefirstis that from Figure 18, the rate of increase in the PGA in Basra increased in the period from 2009 to 2017
because the number of earthquakes has increased to such an extent that, despite the de-clustering process, the
annual rate of occurrence of earthquakes has increased. While in Erbil is the opposite, where the rate of increase
in the PGA is decreased in the period from 2009 to 2017 because the number of earthquakes due to the de-clustering
process not increased to an extent that make the annual rate of earthquakes occurrence exceeds the rate in the
previous periods. In Baghdad the case is in between, where the rate of increase in the PGA in the period from 2009
to 2017 is approximately the same as in previous periods.

e The second is that from Figures 18 and 19, the rate of increase in the PGA is largest in Basra and lower in Baghdad
and the lowest in Erbil which is in agree with the number of earthquakes occurrences listed above within their
surrounding circular regions, and as explained in Figure 20.

40

..........................

so .

so - N St

K I L et

Latitude

32

30

28

NP O PR SN SR SO SR M T WUy REm— S
' i 0 ' ' v 0 ' 1 O '

....................................................................

YL AR T SN NN N T SR N SN S S N S
36 38 40 42 44 46 43 50
Longitude

Figure 17. Peak ground acceleration (PGA) for a return period of 475 years on Site Class B, in units of (g)

Table 2. PGA values for return periods of 475 and 2475 years, on Site Class B, in units of (g)

Code 1989 1997 2016 This study
Return period 475 475 2475 475 2475 475
Basra 0.025 0.05 0.125 0.073 0.25 0.12
Baghdad 0.045 0.05 0.175 0.102 0.28 0.14
Erbil 0.09 0.07 0.38 0.222 0.42 0.23
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Figure 18. PGA values from the seismic design code of Iraq for versions (1989, 1997 and 2016) with that from this study for
a return period of 475 years on site class B
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Figure 19. PGA values from the seismic design code of Iraq for version (2016) with that from this study for a return period
of 2475 years on site class B
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Figure 20. The earthquakes within a circles of radius of 300 km around each of Basra, Baghdad and Erbil

7. Conclusion

This paper presented a comprehensive study executed to prepare the seismic hazards maps of Iraq taking in to account
the recently increased seismic activity. After removing duplicated events, de-clustering process has been applied on the
resulted data which resulted in removing about 38% of them. Also, it is found that about 91% of the resulted main
earthquakes have a depth ranging between 0 up to 35 km, which reveals that most of earthquakes in the Iraq territory
exhibit shallow crustal seismic activity. Completeness analysis was performed on the de-clustered catalog for the whole
region under study and then for each source zone. Completeness analysis results revealed that the data set of the de-
clustered catalog were complete for Mw=5.4 since 1900 and it is found that the activity parameters are a= 6.4143 and
b=1.1114.

Also, completeness analysis was performed using the Stepp method, from which, the completeness intervals for the
de-clustered catalog is found to be as following: 5.5<=Mw<6 are complete since 1900, 5.0<=Mw<5.5 since 1928, 4.5<=
Mw<5 since 1968, 4.0<=Mw<4.5 since 1988. These findings have been fitted to GR law after preparing and
extrapolating the recurrences of the previous completeness intervals along the total period. Thereafter from this fitting,
it is found that the activity parameters are a=6.5681 and b=1.1327, which are near to that from Goodness of fit. Also,
the built Matlab program, which used in PSHA analysis, has been tested and checked with other work and indirectly
with EqHaz program. This comparison reveals good agreement in results.

The comparison between the PGA values from this study and from the seismic hazards maps from Iragi seismic codes
of 1989, 1997 and 2016, for return periods of 475 and 2475 years, reveals the continued increase with time which reveals
the need to updating the seismic hazard maps continuously. Also, the rate of increase in the PGA in the period from the
end of 2009 to the end of 2017 is largest in Basra and lower in Baghdad and the lowest in Erbil. The result of the PSHA
method in this study presented in the form of contour maps of PGA and spectral accelerations at 0.2 second and 1.0
second. The values increases towards the north and the east-northeast due to the continued tectonic boundary
convergence between the Eurasian and Arabian plates which produces intense earthquake activity. These contour maps
were presented to be as an aid to prepare and construct the recent seismic hazard zoning maps of Iraq by rearranging
and processing contour maps in such a way that they are divided into zones of Ss and zones of S1 values.
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