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Abstract

Al-Dammam and Al-Khobar cities affected by distant

earthquakes from Zagros fold-fault subduction zone. The se
earthquakes of magnitude greater than 6.0 could produ ce great
local site effects of the sedimentary layers that sign ificantly affect
earthquake ground motions. The evaluation of the site response in
these cities is of prime importance for urban developme nts, safer
design of buildings and to the mitigation of the ear thquake risks.
The earthquake activities around these cities have been collected
and precisely analyzed. New ground motion attenuatio n relation
has been predicted for the eastern province of Saudi A rabia

through this work

These cities have been divided into grid of points sepa rated by
about 500 m, and then the microtremor measurements ha ve been
carried out at 250 sites in Al-Dammam and Al-Khobar cit ies. These
measurements have been acquired with record length of 40
minutes. The measured data has been analyzed using worl dwide
software to calculate the fundamental frequency peaks and their
corresponding amplification factors. The origin of these peaks has

been tested to indicate whether of natural or industrial origin.
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Based on fundamental frequency (f 0), Al-Dammam city have
been classified into four zones; from 0.3 to 3.9 Hz | n the 1 % zone;
from3.9t0 5.2 Hzinthe 2 ™ zone; from 5.2 to 6.5 in the 3 "M zone
and from 6.5 to 7.8 Hz for the 4 ™ zone. Whereas Al-Khobar city
classified into three zones; from 0.33 to 1.03 Hz for the 1 ** zone;
from 1.03 to 1.23 Hz for the 2 "d zone and from 1.23 to 1.73 Hz for
the 3 zone. Accordingly, the eastern zone of these cities ha ve a

smaller values of f ( that reflects greater thickness of soft sediments

and maximum amplification while the western zone pres ents an
opposite characteristics. The high-rise buildings in the eastern zone
of both cities will affect greatly by low-frequencies originated from

the distant earthquakes on western Iran subduction zone. Greater

area of Al-Dammam city has f o values in the range of 4-8 Hz and

could amplify bedrock ground motion as much as 4 times. This
indicated that thel-5 story buildings in Al-Dammam cit y are
vulnerable to hazardous resonant shaking from local an d near
earthquakes.

Geotechnical borehole data in terms of lithology, thick ness,
Standard Penetration Test (SPT) have been conducted in Al-

Dammam and Al-Khobar cities. Average shear-wave velo city (V s30)



——
N
| —

and site response effects at these boreholes have bee n estimated
according to Boore (2006) approach. The fundamental re sonance

frequency (f o) range from 2.9 to 7.0 Hz in Al-Dammam city and

from 0.27 to 1.95 Hz in Al-Khobar city that in agre ement with that
of the Nakamura technique. Based on V s30 Soil zonation maps for
Al-Dammam and Al-Khobar cities have been conducted wher e V3o
ranges from 180 to 500 m/sec in Al-Dammam city and fro m 106 to
577 m/sec in Al-Khobar city. The soil map of Al-Dammam city
correlated with "C" and "D" soil classes of NEHRP- IBC, while soils
of Al-Khobar city fall into "E", "C" and "D" soil classes.

Based on V g3, map of Al-Dammam city, the soil profiles of Al _

Dammam city have NEHRP classes C and D characteristics. C lass C
represented by very dense soil to soft rock with a mode rate
amplification of earthquake ground motion. Districts o f Al-Anud, Al-
Khalij; Al-Nakhil, Ibn Khaldun have soil of class C. | n addition most
of Al-Jallawiyyah, Al-Badiyah, and Madinat Al-Umal districts fall in
class C soils. Whereas, Districts of Al-Amamirah; Ar-Rabi ; As Sugq;
Al-Qazzaz, Al-Adamah, Muhammed Ibn Saud fall in class D in
addition, the rest areas of Al-Jallawiyyah and Ghinat a districts.

Class D represented by stiff soil profiles that induced s ignificant
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amplification of earthquake ground shaking. While, Al -Khobar city
illustrates classes E, D, and C soil profiles constitute th e surface
soil of Al-Khobar city. Class E is represented by soft soi | profiles
with a higher amplification of earthquake ground mot ion. The
eastern districts of Al-Khobar as Al-Khobar Al-Shamalia h; Al-
Yarmuk; Al-Kornaish; and Al-Bandariyah having class E soil
profiles. The soil profiles in the districts of Al-Ula ya; Al-Aqgrabiyyah;

Madinat Al-Ommal; Al-Khobar Al-Janubiyyah belong to class C.
Whereas, the districts of Al-Hada; and Al-Hizan Al-Akhd ar districts

having soils profiles of class D.

From the seismic hazard point of view, it is noticed th at the
values of Peak Ground Acceleration (PGA) are not the e ffective
parameter for the damaging effect at these cities. Bu t the
fundamental frequencies and periods for the local site and
consequently, the low-rise buildings are of valuable e ffect. This
leads to the importance of monitoring and analyzing the ground
motion from the distant earthquakes from Zagros belt o f Iran and
their damaging effects on the high-rise buildings in th ese cities.

Furthermore, liguefaction potentiality can't be assessed at

these cities. It is recommended that, results of this re search should



be addressed in a Saudi Building Code and especially in the eastern

Saudi Arabia province for anti-earthquakes structures design .
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|. INTRODUCTION

Eastern Saudi Arabia gaining great attention tueheir affected by the
distant earthquake originated from active tectonics of Zagrosfdald Belt that
represents one of the most seismically active baltsA(ri et al., 2008. It is well
known that, on a world-wide scale, the subduction zone ewaeatguite often the
most destructiveanamori, 1985 This, in turn, affects the engineering structures
such as petrochemical plantstunnels bridges and high-rise buildings. Large
earthquakes (M 5) are quite common along thrust fault belt and have a potential for
wide-spread damage. Hence, the ground motion amplification éoyotfmost soil
cover is essential for seismic hazard assessment of these diueedo rapid
population growth and new urban communities in the eastavinge of Saudi

Arabia.

In November 1945, very high magnitude earthquake (M 8.1) along the Makran
subduction zone, which significantly affected the easternipezevof Saudi Arabia.
Furthermore, on Jund'®21993 an earthquake of magnitude 4.8 occurred in Kuwait
near Minagish oil field (southwest of Kuwait). This earthquaks widely been felt
and caused panic in the city of Kuwait although of moderate i@gn The same
area was struck again by earthquakes on September 1997 (M 3.9) and &e2@mb

1997 (M 4.2). Following this, on January 2002 a moderate earthqua&e)dhook
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the Musandam Peninsula on the border between Oman and the Wnébd

Emirates.

The local geology can significantly control the scale and digion of
damages due to strong earthquakes. The amplification of eartheplatiesl ground
motion by local site conditions has important implicatieomsurban planning and
development. In areas characterized by soft sediments, the amiphficd the

ground motion is common that lead to enhanced seismic hazard and risk

Local site response can be evaluated by empirical and theorettabds.
The theoretical method allows detailed analysis of the paramesed in the
evaluation; however, it requires a detailed geo-technical infavmatbout the
materials through which the seismic waves propagate to the surfae@nalytical
response of plane SV waves impinging on a single layer overdyinglf-space is
well known and widely used_érmo and Chavez-Garcia, 1998mpirical methods
are based on seismic records of the sites; thus, dominant frequresheynplification
are determined directly. Empirical methods can be separated icategories: one
that use two sites and another that use only oneBsiteherdt (1970)ntroduced the
sedimentto-bedrock ratio (the most common approach) that consistwioing the
spectrum of the measured earthquake motions at a site by thaieafby reference
site (rock site). If the two sites have similar source and path effedtsif dhe
reference site has a negligible site response, then the resultingalspatt

constitutes an estimate of the site response.
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This approach identifies, in most cases, the fundamental rdsfsequency
and is considered to be the most reliable (Rogers et al., 5a8gh et al., 1988,
Jarpe et al.,, 1988, Darragh and Shakal 1991, Borcherdt and Glassm@ger 1
Gutierrez and Singh, 1992, Satoh, et al., 1995; Aguirre and IrikQ€q, Bu, et al.,
1998; Beresnev, et al., 1998; Hartzell, 1998; Reinoso and OrdaQ). 1dany
investigators (Tucker and King (1984), McGarr et al. (1991), Fieldl.e1992,
Jongmans and Campillo (1993), Liu et al. (1992), Zaslavsky et18PB5), Carver
and Hartzell (1996), Hartzell et al. (1996), Zaslavsky et al. (P@0@luated a site
response function from moderate to weak earthquake motions. Howhiger, t
technique requires a number of earthquake records. In regitmsehatively low
seismicity, it would be necessary to wait for a significant peoiotime to obtain a

usable data set.

7TKH %RUFKHUGWTV DSSURDFK LQRKVHKL®KW
earthquake is used, has been applied to several studies (Othlg &078). For
frequencies smaller than 0.5 Hz, seismic noise is categorized as nsicroseid, for
higher frequencies, as microtremors. The main advantage givensbgpiiroach is
the fact that the spectral characteristics of microtremors haveréemymnized to be
associated with the site conditions (Katz, 1976; Katz Beltbn, 1978; Kagami et
al., 1986; Zaslavsky, 1987; Gutierrez and Singh, 1992 and Ba@d). It has been
shown that with microtremors it is possible to identifg flinndamental resonance

frequency of the near surface soil deposits.
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Nakamura (1989) suggested a method that requires only one ngcetdiion.
Nakamura hypothesized that site response could be estimatedé&drrizontalto-
vertical ratio of microtremors. This technique was tested, expemtherdand
theoretically by different authors (Bard and Tucker, 1985; Lermo @havez-
Garcia, 1993, 1994; Lachet and Bard, 1994; Field and Jacob, 2889aysky et al.,
1995, 1998, 2000; Malagnini et al., 1996; Seekins et al.,;1G@&6rman et al.,
1996, Teves-Costa et al., 1996; Theodulidis et al., 1996k, Sa8®7; Konno and
Ohamachi, 1998; Mucciarelli, 1998; Mucciarell et al, 1998, and Zdstags al.,
2003). Results obtained by implementing Nakanfuva WHFKQLTXH VXSSR
microtremors measurements for estimating the site response of surfacé@sdepos
Lermo and Chavez-Garcia (1993 SSOLHG 1DNDPXUDYV WHEFK
recordings of earthquakes and concluded that this approaablasto reliably
estimate the frequency of the fundamental resonant mode and coprecligt the
amplification level. Other studies (Field and Jacob, 1993; Watsamand Yasui,
1996; Lachet and Bard, 1994; Coutel and Mora, 1998) inditate Nakamura
method has already proved to be one of the cheapest andameshient techniques
to reliably estimate fundamental frequency, but it needs more wankderstand the
factors influencing the amplification phenomen@Bard, 2000. The dynamic
characteristics in the frequency domain observed at a certainipdirde all of the
wave motion radiation characteristics at the focal region, the dgrararacteristic

of the wave motion propagation route up to the observainamt, and the dynamic



21

——
| —

characteristics of the surface layers at the observation postioas in figure (1)
(Nakamura, 1996).

The most famous example of the site amplification phenomenon appeared
during the occurrence of the earthquake in Mexico City on SeptemBer1285
(Bard, 2007) where more than 10,000 people were killed. Most of the déahd
damages occurred at buildings five to fifteen stories high in dawnbkdexico City.

This part of the city is built on soft sediments from an ancient lakebed (400 km away
from the epicenter), which has the capability of amplifying certain frequen€ies
ground motion Fig. 2). The site effects in Mexico City were, perhaps, exceptional,
but such factors must always be considered in a thorough seismic hagasdment
since they can exert a very strong influence on the nature of the grmiimh and

the resulting earthquake loads. The characteristics of the site, including the thicknes
and nature of soil deposits, can be usually determined with a greatee d&g
confidence than can the source parameters of future earthquakes. It is therefor
recommendable that possible site responses be identified and evakeatedy

from the determination of the design bedrock motions.
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Recently, the average shear wave velocity to a depth of 30 m (Vs30) has
become a widely used parameter for classifying sites to préuhct gotential to
amplify seismic shaking and is now adopted in buildindes and loss estimation.
The site classes estimated from shallow shear wave velocitelsnare also
important in deriving strong motion prediction equasiowhich can be used for map
construction in hazard reduction on a national scale, and licapms of buildng
codes to specific sites. Because of the robustness of the condepdyung Vs30, it
has been accepted by the US National Earthquake Hazard Reduction Prograr
(NEHRP) and International Building Code (IBC) as the standardshfamacterizing

soils in seismic hazard analysis.
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In 2007, Dubai Municipality conducted seismic microzonatgindy for
Dubai city through the influence of local geotechnical asolagical soil conditions
on the intensity of ground shaking of Dubai-Sharjah metitgpobrea Iffan, 2013.
Acceleration-time histories of Dubai and Sharjah were chosen acgdadspectral
shape and similarity in magnitude and distance to a taegpbnse spectrum that

were obtained from the results of Seismic Hazard Analysis (SHA). Subssurfac
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geotechnical data of 72 different sites were used. The effectalfdde conditions
on ground response during earthquake has been evaluated by peyfeguivalent

linear analysis. Dynamic properties of selected soil profiles weakiaed using
empirical relations between Standard Penetration Test (STP) Nsvahd shear
wave velocity (Vs). Results indicated that surficial depositshe area amplified
earthquake ground motion. The peak amplification was observed relatively

narrow frequency range of 1.5-5 Hz (0.2-0.8s period) that wasl fturepresent the

predominant frequency range of the site classes under consideration.

Fnais et al., (2010¢arried out the microzonation study in Yanbu City along
the western coast of Saudi Arabia. The local site effects have been estimated in tern
of the fundamental frequency and the corresponding amplificatioor fadten these
results are correlated well with the estimated results from borehole geotédateca
Accordingly, the results of these studies could be takencosideration for future

urban development and land-use planning.

Seismic risk in areas far from the epicentral zones depends on #hesddc
conditions. Soft soil deposits attenuate seismic motion e sisequencies and
amplify it at others, phenomena known as site effects. Antiaddi factor, not
usually included in the definition of site response, is dbgstructure interaction
(SSI), whose magnitude will depend on the rigidity contrast éxtvthe soil and the

structure. The effects of SSI on the dynamic behavior of buildiage been widely
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studied. In contrast, the wave radiation from the #wilndation interface has
received comparatively little attention.

The natural frequency of vibration of building is a very imaottfactor that
governs all calculations concerning seismic codes for Imgidi Most codes are
based on knowing the natural frequency of vibration of stread¢tr equivalently the
natural period of vibration T) to know the deformation respasisthe structure. It
became evident that buildings of a certain class or typeighdiaving a certain
natural periods are often damaged from ground shaking whemrdooat geologic
conditions having a similar characteristic period. Whereas bg#dwith different
natural periods located on the same geological conditions ardanmaged. The
natural period of vibration is thus an essential phenomehah dontrols the
interaction of buildings when the soil is excited by anyree of vibration most
important of which are earthquakes.

From the engineering point of view, the free-field motion isilamto that
recorded at the building base. However, recent studies indicate thatf&3$ in
densely urbanized areas may modify the free-field motionimatistances up to five
times the building base dimensions. Two conditions meshét for these effects to
be important: the building must be founded on soft @od the dominant periods of

the building and of the soft soil must coincide.
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This study aims to estimate the local site response effect f&hébar and
Al-Dammam cities, eastern Saudi Araldtag( 3) in terms of fundamental frequency
and its corresponding amplification factor. Then, mapping of thaekess will be

constructed using Geographical Information Systems (GIS) approach.

s
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Figure 3: Location map of Al-Dammam and Al-Khobar cities.

II. GEOLOGICAL SETTING

The sedimentary sequence of Saudi Arabia ranges in age from Canobrian t

recent where, increasing in thickness when moving from the Arabiafd S the
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west into Arabian Platform in the east. Paleozoic sediments are enaecttoy its
clastic nature, while the Mesozoic and Cenozoic sequences are regebgn
carbonate rocks. In the central part of Saudi Arabia, both JurassiCrataceous
rocks constitute the main surface area, whereas Cenozoic rocks apth@uyasand

dunes are prevailing in the eastern province.

The eastern province is generally constituted by a sequenoatofental and
shallow marine sediment$i@). 4. The Paleozoic, Mesozoic, and lower Tertiary
strata are exposed in the central part of Saudi Arabia formireit dodrdering the
Arabian shield. Along the Arabian Gulf a broad zone of relatively elef terrain
Is located in which the Tertiary and younger deposits effectimegk the older
units. The Upper Cretaceous and Eocene rocks consist mainly edtdine and
dolomite. The Quaternary stratigraphic sequences mostly corisisbnremarine
sandstone, sandy marl, and sandy limestone. These sequencesldimgands the
east and northeast under Zagros Mountains (Steineke et &;, RO&ers et al.,

1966; Al-Sayari & Zoetl, 1978; and Vaslet et al., 1991).

The unconsolidated Quaternary deposits comprise great sandsdasdr
gravel sheets (Powers et al., 1966; Al-Sayari and Zoetl, 19%@&n er Radhuma
Formation of Paleocene and lower Eocene age forms a wide belt extentizQ)
km from south to north with a width of 60-120 km. The dhdpart of the belt is
covered with eolian sand. The exposures of this Formation fgemidy undulating

but rough surface with low isolated hills and benchess Tdrimation consists of a
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repetitious series of calcitic and dolomitic limestoReWerset al., 196%. Outcrops
of the Al-Dammam Formation of lower and middle Eocene age are tegttc a
number of small but widely scattered patches in the Arabidh ddastal region,

especially in the vicinity of AL-Khobar City.

Figure 4: Generalized geologic map of the Arabian Gulf coastal region and its

hinterland (AfterAiban, 2006).
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Tectonically, the Arabian Platd=i§. 5 underwent through major tectonic
events that splits away from the African Plate through twoarermepisodes of Red
Sea floor spreading during pre-early Miocene and post-Miocene tiGwsn{ian,
1977). On the Arabian Gulf side in the east, the tectonic is dat@ihby collision

between the Arabian and Eurasian Plates along the Zagros - Bitlis Thtust B

Figure 5: Regional tectonic framework for the Arabian Plate.
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According toSharland et al. (2001), there are five major tectonic episodes
that controlled the tectonostratigraphy of the Upper Camlarah Phanerozoic
sedimentary successions in the Arabian Plate. Whereas, during the Precambrian
the basement rocks were subjected to east-west compressive strelssedt (&c
a., 1979; Ayres et al.,, 1982 and Al. Husseini, 1989 & 200Mjese stresses
formed two of the major structural features as follows; 1) N re8ding fault
terranes, such as the Summan Platform, Khurais-Burgan trend, Ghandchand
Qatar Arch trend and b) NW-SE (Najd) and NE-SW (Wadi Al-Batin) osknt
fault systems that from a conjugate system (Schmidt et al. 1979). Furthefore,
Husseini (2000) illustrated that, Rayn microplateg( 6) constitutes the eastern
part of the Arabian Shield. The Amar Collision fused the Raimptate and Afif
terrane along the Amar Suture and formed the N-S trending basemémtled
fault blocks (Summan, Khurais, Ghawar anticlines and Qatar Arch). These g
anticlines are bounded by the orthogonal NE-SW trending (\Watiin) and NW-

SE trending (Abu Jifan) strike-slip faults.

Eastern Saudi Arabia is part of the Arabian shelf which wageced to
successive transgression and regression cycles of the Gulf waterg thugin
Pleistocene and Holocene agé&s$-laggar, 188). In general, the surface rocks of
the region include both consolidated and unconsolida¢ddnents Fig. 7). The
consolidated sediments belong to Paleocene to middle Eagenand Miocene to

Pliocene age while the unconsolidated materials contain seifnem Quaternary
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age which include shale and claystone. According to Powers et al. (A36S3gyari

and Zotl (1978 and Stieneke and et al. (19d%equence of continental and shallow
marine sediments extends along the Arabian Gulf with relatioslyrelief terrain.

The Upper Cretaceous and Eocene rocks are represented by limestonkamie,d
while Quaternary sequences are made from sandstone, sandy marl, apd sanc
limestone of non-marine origin. These sequences dip gentlgrdswhe east and
northeast under the Zagros thrust bdt-$ayari & Zoetl, 1978). The Umm er
Radhuma Formation of Paleocene and lower Eocene age forms a wide belhgxtendi
~ 1200 km from south to north with a width of 60-120 krheTexposures of the
Umm er Radhuma Formation forms a gently undulating but rgugiace with low
altitude isolated hills and benches. Outcrops of the Al-DamriRormation of lower

and middle Eocene age are restricted to the Arabian Gulf coastal region.

The following is a brief description of the relevant geologifaimations

(Powers et al., 1963; Johnson, 1978

Rus Formation (Tru) forms the core of Al-Dammam dome, and is typically
exposed on Jabal Umm Ar Russ. This formation is Lower Eocene imdgmasists
mainly of chalky dolomite, chalky limestone and marl. The clsvhite in color
and soft, while dolomite is whitepinkish- yellowish in color, micritic to sparry and
soft to hard rock. No marine fossils are observed in these khalsg the field

observations. This formation is divided into the followingethlithologic units:
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1. 3.6 m thick white soft chalky porous limestone with calcaeeh#ds at the
top.

2. 31.8 m thick marl and limestone: the material has irregularsesa®f
crystalline gypsum, occasional thin limestone beds and gqodez at several
levels. The material is highly variable and includes white @minginely
crystalline, anhydrite with interbedded green shale and minomu@iscof
dolomitic limestone. Alternatively, it may include gray marl lwitoarsely
crystalline calcite and interbedded shale and limestone. Such & tmghly
variable both in lithology and thickness.

3. 21.0 m limestone: the material is gray to buff compact corhympartially
dolomitized limestone with minor amounts of soft limestomede porous Yo
leaching of small organic remains. Quartz geodes occur rarely liovtke part

and are typical of the upper part.

Dammam Formation crops out around the circumference of the Al-Dammam
dome and uncomformably overlies the Rus Formation. This favmatnsists of
dolomite, dolomitic limestone, limestone, marl and shale (Tdng.sHale (Tdsh) is
yellowish to brown, fossiliferous and thinly laminatecheTshale represents the
bottom of the formation, while the dolomite, dolomitic limest@nd marl represe
the topmost of the formation.

This formation is divided into five members:
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x 15 m thick Alat limestone and marl: the upper part is lighlored chalky and
porous, commonly dolomitic limestone. It contains abundantisnof mollusks
and other organic remains. The lower part is light colored dolomitic marl.

x 9.3 m thick Khobar limestone and marl: the material is lightark-brown, in
part dolomitic limestone becoming off-white soft marly lintest. The lower
part consists of marl.

x 1.0 m thick Alveolina limestone: the material consists of oyah gray,
microcrystalline, partially recrystallized, dolomitized limestone. Ihtams
common specimens of Alveolina elliptica (Sowerby) var. flosculinaeSiti

and internal molds of Lucina pharaonis.
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Figure 6: Internal structures of the Arabian Plateusseini, 2000

x 4.2 m thick Saila shale: the member consists of 3.6 m dark kslweilow
subfissile clay shale underlain by 0.6 m of gray-buff limestone.

x 3.0 m thick Midra shale: the shale member consists of yellelrisivn, fissile,
thinly laminated shale, gray marl and impure limestone. It cantsgattered

fossil shark teeth.
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Figure 7: Geological map of Al-Dammam dome (aftérijermars, 199p
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Hadrukh Formation is exposed northwest and west of Al-Dammam dome
overlying Al-Dammam Formation. The exposure of this formatiorerg ¢lear in Al
Qatif area. Rocks of this formation are medium grained; mainly ggeeenish gray
and gray in color and consist of quartoze sandstone, calcareoutosandblale and
marl. The calcareous sandstone can be observed in the upper parfarfrtation.
The thickness of this formation ranges between 20 m and &@dneould reach 120
m in some areas. The formation is highly variable and conthals,ssandstone and

marl in different colors. Inclusions of gypsum and chert are also present.

Dam Formation is the youngest rocks from Tertiary period in the study area,
where it uncomformably overlies the Rus and Al-Dammam format©nk; a part
of the formation could be mapped, as its upper part has beardeaady Al Sayari
and Zotl., 1978 The lower part of the formation is exposed at Jabal Midra Al Janubi
on the northwestern side of the dome. The Dam formation teiwgigellowish gray
microcrystalline and sandy limestone. The thickness of this famataries
considerably from 30 m to 100 m. The formation consists maingjay with minor
marl and limestone in different colors ranging from green to red.
Hufuf Formation reaches 95 m thick and consists of the following four
different members:
(1) Gray conglomerate,
(2) Alternating red and white argillaceous sandstone,
(3) Off-white in part impure sandy limestone, and

(4) Red and white conglomerate.
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The Quaternary sediments include the sabkhah deposits, cogstaitsie
surface carbonate deposits of sand and pebbles, and eoliaMsahof the marine
deposits are 1 to 3 m wide along the shoreline. The surface carblepatgts are
formed in the flat areas as well as in the depressions. Tiam sand exists in the
form of sand dunes ranging in height from 5 m to 15 m.Sdlgkhah deposits (Qsb)
in the area are coastal type, which can mainly be observed inuttesoand north-
northwestern parts of the area. The distribution of sabkhahsongolled by
topography as they occupy the low lying areas. Some sabkhahs aegndve thin
layer of eolian sand sheets (2.5 to 5 cm). The sabkhahs sedimentsiahg
composed of loose to moderately dense sand, silt, clay andTsalt surface
cabonate deposits (Qsp) consist of sand and pebble grainsedieiom the
carbonate rocks. These deposits are visible in the flat areas and depressions. They &

thin and locally covered by aeolian sand and bounded by the carbonate esposur

The coastal deposits (Qcd) are restricted to the Arabian Gulf coagjraihe
are light beige color and composed mainly of medium grained calarsand,
oolitic sand and fragments of marine fossils. In some placesgdhstal deposits
contain evaporites (gypsum) similar to that of Half Moon .Béhye fills in the study
area cover different parts with various thicknesses and types. Sevasthl sites
have been improved by calcareous sand fill that was dredged feoi@Gulh. The
second type is mechanically excavated dunes sand that waottaddpy trucks to

raise the ground surface of the inland sabkhahs.
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[ll. SEISMICITY AND ATTENUATION RELATION OF THE EASTERN

PROVINCE

Until recently, the eastern province of Saudi Arabia was consicdestable
region with a negligible level of seismicity. However, the lack of seisynildta can
also be related to the poor coverage of the region with seisnmgraiations,
which means that smaller events have potentially not beertekbt€ecently, some
of modern seismic stations have been installed in eastermpeost Saudi Arabia
(Fig. 8). These stations recorded some of low-moderate magnitude evemntatedg

from the eastern province of Saudi Arabia.

As mentioned-above, the active tectonics of Zagros Thrust Faudisents the
major earthquake prone area affecting the eastern province of Saudi Arabia.
Convergence between these plates has lead to the uplift ohtresZMountains
and Iranian Plateau and makes the region one of the most sdismatale in the
Middle East Al-Amri et al.,, 2008. The boundary is clearly delineated by
teleseismic epicentres, although there are fewer epicentres occuriedfsOuan.

Most earthquakes occur in the crustal part of the Arabian Platatiethe Zagros
belt Jackson and Fitch, 1981 arge earthquakes (M 5) are quite common along
this fault and reveal the potential for wide-spread damage fresiruttive
earthquakes. Zagros belt is a prolific source for large magnituttegeakes with

numerous magnitude (Mt 7) events occurring in the last few decades.
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Unfortunately, there are few number of seismological studies Ieee conducted

in the eastern province of Saudi Arabia. In spite of this poavimas subjected to
RQH RI ODUJH HDUWKT XD NH N historical feEord on 182 BV H G
(Ambraseys, 1988; Punsalan and Al-Amri, 2008ccording toAl-Shaabi (2004)
about 69 instrumentally earthquakes (2.4 < M| < 5.8) have been atcumag the
period of 1990-1998 around Ghawar reservoir. Some of these euent® dhe
earthquake swarm in Jun€®ctober 1994. Most of these earthquakes are clustered
around the southeastern flank of Al-Ghawar reservoir and thierislated well

with the fault system of Al-Ghawar reservoir.

1.1 Earthquakes Data Resources

For the purposes of characterizing the earthquake activity for @aabia, a
seismically catalogue was compiled throughout gatheringattadable data from
several sources for the Arabian Peninsula and adjacent area. The olblaiaed

covering two of observational periods;

a) Historical period (112-1964 AD), and

b) Instrumental period (1964- Dec. 2009).

In the present study, the earthquake data sources include;

X Two regional catalogueé\(nbraseys (1988) ; Ambraseys et al., (1994)

x Seismic Studies Center (SSC) of King Saud University;
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x Saudi National Seismographic Network (SNSN) of King AbdullzACity for

Science and Technology;
x Saudi Geological Survey (SGS);

x Kuwait National Seismological Network (KNSN)

Then, the collected data were merged and correlated well with the ainbesad
earthquake data bulletins where these data are precisely reviewed, redraaly

refined from duplicated events as;
X International Seismological Center (ISC) on-line bulletin;

X The on-line bulletin of the United States GeologicaivBy (USGS), which
includes information from the Preliminary Determination of Epicenters

(PDE) provided by the National Earthquake Information Center (NEIC);

x The on-line bulletin compiled of the European Mediterranean Ségmaal

Center (EMBC).
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Figure 8: Seismic stations of Saudi Geological Survey
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Some earthquakes have different types of magnitudes were converted anc

unified into body-wave magnitude ¢V according to Ambraseys and Bommer
(1990); Ambraseys and Free (1997) and Al-Amri et al., (1998plly, the spatial
distribution of the compiled seismicity catalogue is plotted construct new
seismicity map for the Arabian Plate and adjacent area has beercteah¢fig. 9.
The reliability and quality of earthquake data sources have beeriigaves and
considered for the catalogue compilation when conflicting rin&tion and
duplicates have been encountered. Foreshock and aftershock sequeacksema
removed from the catalogue using the windowing procedure propgsedrdner&

Knopoff (1974).

[11.2 Identification of Seismotectonic source zones

From the definition of Seismic source zone, it should be seidwical
homogeneous area, in which every point is assumed to have tagsamability of
being the epicenter of the future earthquakds not always possible to compile
detailed information of the several criteria required for the idelheation of source
zones. Hence, a careful consideration of the main tectonic structudeshair
correlation with the current seismicity can be basis for theekiion of the source

Zones.

The characteristics of the seismic source may include: Sourcegeoneetry

(location and extent, both surface and subsurface), description oérQargt
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displacements (sense of slip on the fault, fault dimensiorspbdisplacement,
estimated displacement per event, estimated magnitudes per offsate fength
and area, and displacement history or uplift rates of seismodelus),
Historical and instrumental seismicity associated with esmirce, Relationship
of the fault to other potential seismic sources in the redilaximum earthquake
the source would be capable of producing, and Recurrence model ificggufe

earthquake occurrence versus magnitude).
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Figure 9: Seismicity map for the Arabian Peninsula (1900 - Dec. 2010).

There are two principal ways are usually used to assess thenumaxi

earthquakes;

1. Estimate the maximum dimensions of future ruptures and rbtze tlimensions
to magnitude. This approach is geared toward characterizing rtlensions of
faults. The dimensions of ruptures and/or amount of displadetima@inmight be
expected on a fault of interest are estimated from geologic invéestigat

designed to assess what has occurred during past ruptumresungof the rupture
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dimensions as possible should be used to lend stabditghe magnitude
estimates. Also, the uncertainties in the values of the rupture parasteteid

be incorporatedGoppersmith and Youngs, 1986 and 1090

2. Considering the size of historical earthquakes associatiedhs source and with
tectonically-analogous sources. Common acceptable approaches asselsising
maximum earthquakes are: (1) taking the source zone's maximumichistor
earthquake as the maximum; (2) taking the maximum historicdloeeite and
add an arbitrary magnitude (or intensity) increment to it; Qrdf&wing an
analogy to another source zone and use the maximum historical ua&ehq
associated with that source. The maximum earthquakes carbalswaluated
based on the opinions provided by a panel of experts withvledge of the site

region Bernreuter et al., 1989; Coppersmith and Youngs, 1990)

Based on the distribution of earthquakes, geological strigc(@teHusseini, 2000
andAl-Mahmoud et al., 20Q%nd previous seismotectonic studigs-Amri, 2004;
Tavakoli, 1996, Abdalla and Al-Homoud, 2004 (a & b); Bou-Rabe# Abdel-
Fattah, 2004 and Pascucci et al., 20@®8could be differentiate seven seismogenic

source zonedH{g.10 where their characteristics are showi able 1
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Table 1: Seismtectonis source zones affecting the eastern Province.

Zon Source Zone Name M max b-
e values
I Zagros fold and thrust Belt 7.4 1.00
Il Zagros Foredeep zone 7.2 0.85
1 Zagros Mesopotamian Foredeep | 6.9 0.85
IV Dibba Fault Line zone 6.7 0.8
Vv Makran subduction zone 8.5 1.00
VI Southwest Kuwait 6.5 0.74
(Minagish-Umm Qudair) zone
VI Eastern Province (Al- Ghowar) 5.5 0.63
zone

Zagros Fold and Thrust Zone (ZFTZ)

The Zagros mountain belt is a NW-trending fold-andghhelt, consisting of a
6-15- km thick sedimentary pile which overlies Precambrian metanohasement
(McCall et al., 1985; McCall, 1997 The sedimentary cover can be divided into
three successive sequences. First, at its base, it is commisdkick late
Precambrian evaporitic deposits (the B OOHG p+RUPR] 6DOWY ZK

main regional décollement for most of the larger folds withi Zagros fold-and-
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thrust zone (ZFTZ). This layer is the origin of numerous saltedgaphat have

pierced the overlying sedimentary cover and risen to the surface.

Figure 10: Seismic source zones affected the eastern province of Saudi Arabia.

A~4000 m thick Cambrian to Eocene sequence forms the so-called Competen
Group. Apart from the initial Cambrian-Carboniferous clastic foromsti the
majority of this group until Upper Cretaceous consists of maggatform carbonate

rocks James and Wynd, 1965; Faure- Muret and Choubert, 1971; Szabo and



48

'

——

Kheradpir, 1978 and Sharland et al.,, 200Ihe remainder of the stratigraphic
sequence is represented by the Miocene to Recent clastic sediofetite
Incompetent Group. These molasse-type sediments, derived fromplifteand
erosion of the Zagros Mountains, show a typical coarseningwatution from
marineto-continental clastics to coarse proximal conglomerates at théJ&mes

and Wynd, 1965; Edgell, 1996; Hessami et al., 2001

The entire Zagros folded belt is the most active seismic area sn thi
seismogenic source zone. The folded zone is characterized bghladithw and non-
shallow earthquakes. The earthquakes locations in thisdddélt define a zone of
about 200 km wide that runs parallel to its central axisst\db the earthquakes are
crustal seismic events that occur in the portion of the Arabete.pl'he continued
convergence of the Afro-Arabian plate relative to the Iraniamkislas partially
accommodated by folding of the Zagros sedimentary cover and by high angle revers
faulting of the underlying Precambrian Arabian basement. The presseméat
faulting beneath the Zagros fold belt as due to re-activatiggreséxisting normal

faults as reverse faults in the Arabian continental margin

Historical data indicates that an earthquake of magnitude S.odwarred
in March 21 1875. One 5.5 magnitude in Feb 4, 1934, and 3 magritddin
1925, 1939, and 1958 have occurred in this source zone. 2y 49agnitude 6.1
has occurred which was followed by a magnitude 6 in 1976 in a span of 4A/ears.

survey of the range of magnitude in this zone is seen to be fteguaany times
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with magnitude 5 and above. These earthquakes could indeed aaignificant
ground shaking in the eastern province of Saudi Arabia. Thgétpected of 7.4
for this zone is correlated well with the resultsBafrbrian and Yeats (1999), and

Aldama-Bustos et al., (2009).
Zagros foredeep zone

Zagros fold-thrust belt can be divided into three tectooieg from NE to the
SW; Zagros fold-thrust belt, the Zagros Foredeep zone and ZagsaspMamian
Foredeep zone (DOFRQ 6 W )F Nli@L Zagros Foredeep Fault
(Berberian, 1995 separates the present alluvial basin of the Zagros Baeit tine
simply Folded Belt. It partly controls the morphology of #habian Gulf and is
marked by relatively long linear anticlines. Seismically, the Forethedpis active

but less than Fold-thrust beltglebian and Jackson, 2004

The foredeep in the Zagros system is localized in the coasial Bhd
Arabian Gulf. The Coastal Plain is narrow feature that slopes gently to thevatut
an area of about 226.000 knthe Arabian Gulf is a shallow epicontinental sea with
a tectonic origin (foreland depression) which covers the Araghaif platform with
water depths less than 100 m. The evolution of the area carbbtmidad into 3
main steps Koop & Stoneley, 198R The first step is characterized by a rifted
continental shelf phase (Permian and Triassic) with thick marinesdem followed
by thinning due to uplift and pre-Jurassic truncation @ased to drift separation of

the Arabian Plate. In the second step (Jurassic to Mid @aeiay thin sequences
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typical of arid climates were deposited. In the early Cretaceous isptegionally
replaced by subsidence, except the Arabian plate which remainededleln the
Mid Cretaceous the first pre-tectonic effects are found and the Neotatigyan to
close. The third step concerns the collision and Zagros oypgefiirst a regional
uplift is recognized in the whole area while in the Palaeocererteothe subsidence
starts and the first flysch sediment are deposited in an a&kmrfgredeep with

NW/SE direction.

Makran subduction zone

It is located in the north-eastern margin of the Arabian Plate wihere
Arabian Plate subducts beneath the Eurasian Ffat@qudi and Karig, 1977, Bayer
et al., 2006 and Aldama-Bustos et al., 200Bhe Makran accretionary wedge
stretches from Iran to central Pakistan and off the south coass afréfa $chluter et
al., 2003. It has been formed by the subduction of the oceanic portion of the Arabian
Plate beneath Eurasia and is built up by sediments scraped offrab&a Plate
since early TertiaryRerberian and King, 1981; Harms et al., 1984; Kopp et al.,
2000) Subduction was probably initiated during Paleocdtiati et al., 1988and
accretion started during Eocene tim&yre et al., 1992 The modern Makran
accretionary prism has developed since Late MiocPredt(et al., 1985; Platt et al.,
1988, and is still propagating seaward at a rate of ~10 mm(YvHite, 1983. Two

features make this accretionary wedge unusual: (1) the sedimemiesgsobn top of
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the oceanic crust is extremely high (at least 6 km); and (2) ifthearple of
subduction is extremely low (~5 degredacob and Quittmeyer, 1979; Byrne et al.,

1992; Carbon, 1996)

The largest earthquake have been occurred in this zone was in 1945,with M
8.0 Quittmeyer and Jacob, 1979The distribution of its aftershocks suggests that
the length of the rupture zone between 100 and 200knirfieyer, 1979 and Byrne

and Sykes, 1992

Dibba Fault Line Zone (DFLZ)

The primary tectonic units in this source zone are the Dibba dadltthe
Hormuz salt basin south of the Arabian Gurthis seismic source area is both
historically and instrumentally active. Two earthquakes of ntadei 6.4
occurring in Jan 10, 1897 and the other in July 9, 1982 wocated in the
convergence zone. Likewise, two earthquakes of magnitude 6.2 dlage
occurred in March 21, 1977 and Apr 1, 1977 in almost the sacad¢ido. It is
noted that this seismogenic source zone seems to have fregutguakes of
above magnitude 6 and many seismic events above magnitude BakXimeum
earthquake of this zone is 6.7. This is correlated well itAmri, (2004) where
he stated that M, = 6.8 for this zone based on the statistical analysis of the

historical and instrumental data.
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Eastern Province (Al-Ghawar) Zone

The Ghawar structure consists of two subparallel, north-stnaetiding
structural crests, separated by a saddle. It is about 174lomteand 12 miles wide.
Major trend of this zone is almost north-northeast souththseest Al-Hariri and
Abdullatif, 200). To the north there is the 48 trending Kuwait Arch of basement
horst Carman, 1996 Al-Ghawar and Qatar arch area was experienced historically
with earthquakesAmbraseys et al., 1994Recently some of seismic stations was
deployed around the area and these stations have recorded mimrehethquakes
with magnitudes up to 5.86GS, 201D from Al-Ghawar area and its vicinity. Most
of these seismic events are located south to southeast of tHeaMaGreservoir and

the rest on the west of Qatar peninsula.

Al-Sayari and Zotle, 197&corded that the most prominent joint set strikes
northwest, and another less prominent set strikes nottHeaser et al., (2005
stated that, growth of the Al- Ghawar structure was actiibe Pleistocene and
probably even in the Quaternary. The average growth rate, indicatdting of
the flanks, is 0.06per one million yearsThe origin of the recorded earthquakes
in Ghawar area and its vicinity, to great extent, is the extractooil and/or

recent tectonic activities of the area.

Southwestern Kuwait (Minagish-Umm Qudair) zone

The local seismicity of Kuwait reveals two main clusters ehesv The first

Is around the Minagish-Umm Qudair oil fields in the soatid the second is around



53

——
| —

the Raudhatain - Sabriya oil fields in the nordo-Rabee, 1994a,, IBou-Rabee
and Nur, 2002; Sadek, 2004; Al-Enezi et al., 9J00Ehe spatial correlation of
earthquakes and oll fields suggest that these seismic éamtdeen induced by oil
production El-Enezi et al., 2008 The magnitude (ML) of these earthquakes ranges
from 0.3 to 4.8 and occurred at depth ranging from 3.3 to 28Tkm.maximum

expected magnitude at southwestern Kuwait zone id-br{ezi et al., 2006

I1l. 3 Ground motion attenuation characteristics

Estimation of Peak Ground Acceleration (PGA) or response speaiiahtes
as a function of earthquake magnitude and distance, represerdytleéeknent for
seismic hazard assessment and designing earthquake resistantestrUgétound-
motion relations require a calibration for the region of interesabbse of commonly
observed differences between diverse seismotectonic regimes, crustalres, and
site conditions. Available quantified strong motion mfation is completely absent
in the eastern part of Saudi Arabia and for the eastern cooht&rabian Peninsula,
engineers face, till the present time, a daunting problem mastg ground motion
levels for the future events in the area of interest. Therefore, madisé girevious
hazard studies in Saudi Arabia @. Al-Haddad et al., 1994; Al-Amri et al., 2008
Kuwait (e.g. Sadek, 2004; El-Enezi et al., 2)0Bnited Arab of Emiratese(g
Abdalla and Al-Homoud, 2004r for the Arabian Peninsula arégeiris et al., 2006,
and Pascucci et al., 200Borrowed attenuation models from abroad to calculate the

ground motions for their scenarios. The current paper is motibgtedis need to
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have a simple approach for understanding the ground motianuatiten for the
eastern province of Saudi Arabia. Here, this difficulty is circurtectiivy adopting
the seismological model for synthetic generation of peakngragceleration (PGA)
values following % R R U H { Vstochastic approach. The present study took into
consideration the effect of probable variability in stress dragiation coefficient,
cut-off frequency, and focal depth. Depending on large syntligtiabase, an
attenuation relation for strong ground motion is obtained bvo way stratification

approach Joyner and Boore 1981; Deif et al., 2D09

[11.3.1 Seismological model

Seismological models for eastern province, which lacks strasigpmdata,
Boore (1983)are viable alternatives and amsed worldwide for ground motion
prediction @Atkinson and Boore 1995; Hwang and Huo 1997; Toro etl897;
lyengar and Raghukanth 2004 he theory and application of such model have been
discussed in detail bgoore (1983 and 2003frourier amplitude spectrum of ground

acceleration at bedrock is expressed as:

Af CSTDfPf

where S(f) is the source spectral function, D(f) is the path functiamacterizing the
attenuation, P(f) is a filter to shape acceleration amplitudes degdmgh cut-off

frequency fm to correspond the particular ground motion measuméaést, andC



55

——
| —

Is a scaling factor. In the present study, the single cornerdnegumodel oBrune

(1970)is used:

St 28°M, /P f/f, 2

Cc

where the corner frequendy the seismic momeri,, and the stress drofi lare

related through:

f. 49Uo’V, ' UM,

C

where, the shear wave velockg in the source region is a variable depends on the
depth of the earthquake and the used crustal structure. The sinarvelocity
values are taken from the velocity crustal structure for ArabiafoptaAl-Amri el

al., 2008. The diminution function D (f) Boore 2003; lyengar and Raghukanth,

20049 is defined as:

Df Gep> R/INVQf

where, G refers to the geometric attenuation and the other term to anelastic
attenuation. In this equatio, is the quality factor of the region. The high-cut filter

in the seismological model is given by:

pif 2 /1 ° @

'''m

where f;,, controls the high frequency fall of the spectrum. The scaling facter

C R,KF/45Y’°
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where R ; is the radiation coefficient averaged over an appropriate rahge o
azimuths and take-off anglek, is a factor for the partition onto two horizontal
componentsF is the free surface effect for the shear wavés the density at the
source, andVs is the shear wave velocity at the source. The three segments
geometrical spreading operator Atkinson and Boore (1995% used in the current
study. The geometrical attenuation te@nfor Aswan area is taken to be equal to
R i1 for R<70 km and equal to R0O.0 for distances from 7@@km.Mokhtar et al.,
(2001)derivedQ for the Arabian platform. The seismological model is impleeent

in the time domain by using the methodBiore (1983 and 2003The simulation
procedure essentially consists of three steps. First, a Gausai@masty random
process sample of strong ground motion duratiBoo(e and Atkinson 19§7is

simulated.
T 1/f, 005R

Second, the sample is windowed by multiplying it with thedulating function of
Saragoni and Hart (1974)d is Fourier transformed into frequency domain. The
Fourier amplitude spectrum is normalized by the square rooteomian square
amplitude spectrum and multiplied by the target spectrum A(f) thatderived from
the seismological model. Third, this is transformed back inéotime domain to

generate a sample of acceleration time history.
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111.3.2 Ground motion attenuation

A considerable number of attenuation laws are used for predistingg
ground motion in terms of magnitude, distance, and local galogy. In some
cases, other additional factors using a variety of models and elatdnave been
derived for different parts of the worldqyner and Boore (1981); Ambraseys et al.

(1996), and Ambraseys et al. (2005)

The attenuation model is generally expressed as a mathematicabrfunc
relating strong ground motion to parameters characterizing thiegeake source,
propagation medium, and local site geology. The modelldho® simple as the
available data and usually do not warrant excessive statiatiadlsis Hasegawa et
al. 198). The proposed model dbyner and Boore (198has been selected to be
adopted in the present study. The basic form for the attenuattmiel can be

expressed as:
IogA D M IogR bR Pl «««

whereA is the peak ground acceleration in gal (Grésd M its magnitudeR is the
distance; and, , andb are the model parametersis the standard deviation of log
(A). The factor P is a dummy variable that represents the normal distributidnea va
of P=0 implies mean (50-percentile) values of PGA, while the vallr=dfimplies
mean plus one standard deviation (84-percentile) values. The aboatorqgs a

linear function of magnitude and of distance dependent tefims. first term
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represents the geometric losses, and it is constrained to spispreatling from a
point source while the second term accounts for anelastic lo&sgwgseys and

Bommer 1991)

Joyner and Boore (198performed the regression analyses on the attenuation

model in two stages; the first regression is on distance as:

log A :a1.Ei logR br « «
i1

|
where

E = 1 for earthquake | and O otherwise

A is peak horizontal acceleratiamjs the number of earthquakes in the data set, and
d is the closest distance from the recording site to the surfaeetoro of the fault
rupture. Values of.; andb are determined by linear regression with average depth.
Once the .; values are determined, they are used to find, by least squdies, a
order polynomial representing the magnitude dependence. The segpession is

then performed to determine the magnitude dependence:
a1 D ﬂi((((((((((((((((((((

The employing of dummy variable; has the advantage that it decouples the

determination of magnitude dependence from the determination stande
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GHSHQGHQFH T7\Rthel gtahddedD $tet of a prediction equation, the

following equation can be used;

5 5 1/2
‘4\ ‘é a KK KKK

: KH UdHs the standard deviation for the residuals from the regredssmribed by
HTXDWLRQ ,is theBt@@ard deviation of the residuals from the regression
described by equation (3.3). This is based on two assumagtriet) that the error in
determining the attenuation curve in equation (3.1) is néigigtompared to the
residual of an individual data point relative to that curve sexbnd, that all of the
YDULDEULOYLWXH WR WKH VWRFKDVWLF W)JZHMSWH R
PDIJQLWXGH DQG QRQH LV G X sWtRasPhightVbi thiusgd by U L

inadequate sampling.

In the current research, the four model parameters, namely stres$odebp,
depth, f, and the radiation coefficient are treated as random variables, were
distributed uniformly around the mean value. The stress drdpken to vary
between 20 and 60 bars. The average focal depth in the affected zones (especially tl
nearest seismic zones of Zagros Foredeep, Zagros Mesopotamian Foresiagp sei
source zones) has been estimated to be 25 km. while focaladé¢pthsouthwestern
Kuwait seismic source ranges from 3.3 to 28 km. Accordingly, thal fdepth is
taken as a uniform random variable in the range of 28 km. The cut-off

frequency is taken in the interval ZD Hz. The range of the S-wave radiation
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coefficient is taken as 0.4f).64 Boore and Boatwright 1984Here, it is noted that,
Hwang and Huo (1997) and lyengar and Raghukanth (28@4¢ also considered
uncertainties in the model parameters for deriving the synthétenuation

relationships for Central and Eastern United States and India Peninsudativety.

PGA values are simulated for moment magnitudes ranging 36 to 7.5n

0.5 magnitude unit incrementBi(. 11). The upper bound of magnitude is selected
to be 7.5 representing the maximum magnitude that can be pdottooe Zagros
seismogenic sourceSd&dek, 2004 Thedistance is varied from 0 to 300 kfat 18
values of fault distances ranging from 1 to 300 km. as follows:5,,10, 15, 20, 30,
40, 50, 60, 70, 80, 100, 120, 150, 200, 250 and 300 tapresenting the shortest
distance between the projection of the rupture and the sitgteskst Joyner and
Boore 1981) The random vibration code written Boore (199% is used for
generating the synthetic data. Regressioddyner and Boore (19819 carried out
on the generated synthetic data to obtain the parameters of theaatterequation

for bed rock condition and the site effect at soft soil sites have to bextsdl

log (A) =-0.94 + 0.249 Mtlog r £0.00233r + 0.19 P
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Figure 11: The estimated PGA through the eastern province of Saudi Arabia.
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V. SITE RESPONSE ASSESSMENT

V.1 SITE RESPONSE FUNDAMENTALS

Macroseismic observations, instrumental studies and theoreticalnozrical
investigations agree on the quasi-systematic occurrence ofdffeats in a small
number of typical geological configurations. Their geometrg their mechanical
parameters, such as S- and P-wave velocities, density, and matariping
characterize these structures. It has been recognized that, earthquake damag
generally larger over soft sediments than on firm bedrock owcrdpis is
particularly important, because most of the urban settlements dwourred along
young, soft and surficial deposits. From the observatiodsirarestigations of the
amplifications over soft sediments, the fundamentals of awgtidin on soft soils

are established.

IV.1.1 Physical basis

The configuration of the underlying material also affects the amaglibf the
seismic wave. When there are sharp changes in rock properties (imgpedan
contrasts) below the earth's surface, several things happen. Firstisherange
(usually an increase) in amplitude as the upwardly propaga@Emgmic wave
traverses the change (usually a decrease) in impedance. A complisdtiat when

a seismic wave traverses a sharp change in properties (bouratagydEits energy,
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and therefore some amplitude, is lost in the form of reflections dfbthandary and
in the conversion to other wave types, such as from P- twases. Second,
resonance occurs as some of the seismic waves transmittedanipper rock (or
soil) layer themselves become trapped in this layer and begevéoberate. This
effect isa maximum when the reverberating waves are in phase with ¢aeh o
Resonance is a frequency-dependent phenomenon. In the sincplst the
maximum occurs for waves whose wavelength is four times thent#tgskof the
layer in which the seismic waves are trapped. In other words, far sfaves the
frequency which is amplified the most is that which isa¢dqa /4h, where the
shear wave velocity of the layer andk its thicknessBard, 2007.

So the fundamental phenomenon responsible for the amplificatiomton
over soft sediments is the trapping of seismic waves due tonfiexlance contrast
between sediments and the underlying bedrock. When theus&us horizontally
layered (1-D structure), this trapping affects only body waves travelling up amd dow
in the surface layers. When the surface sediments form a 2-D or 3dlus#run
other words when lateral heterogeneities such as thickness veriatepresent, this
trapping also affects the surface waves, which develop on thesedesteities and
thus reverberate back and forth. The interference between thesedtiagyes leads
to resonance patterns; the shape and the frequency of which aeel neitt the

geometrical and mechanical characteristics of the structure.
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IV.1.2 Spectral characteristics

The resonance patterns show up as spectral peaks in the fregoemsaiy.
The frequencies of these peaks are related both to the thickiaesseslocities of
the surface layersBard, 2007. For embanked 2-D or 3-D structures, they also
depend on their width. For one layer structure, the peak frequenayaghemtal

frequencyFo) is given by:

Fo= 1/4h

where: 1 is the horizontal shear wave velocity in the surface layer haml its
thickness. The amplitude of these peaks is related mainletoniiedance contrast
between the surface layer and the underlying bedrock, to the materiahdamghe
sediments, and to a somewhat lesser extent, to the characteristies incident
wave field (types of waves, incident angle, near-field or fadfidh the case of &
or 3-D structures, the lateral geometry may also play an impadisntespecially in
the case of small material damping. For the 1-D structure impimgedrtical plane
S-wave, the amplification at the fundamental frequdfeyor the fundamental peak

IS given by:

Ao =1/ ((1/C) + (0.5E1))
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where:C is the impedance contrast(=12 2/ !1 1) and 1 is the material damping

in sediments.

IV.1.3 Time domain characteristics

In the time domain, these effects affect the peak amplitudes, theonasef
and motion duration, especially in the case of 2-D strustutevas thought that,
peak ground accelerations (PGA) are not generally affected significantly by
sediments, while peak ground velocities (PGV) are reaching higthees/on soft
soils. However, many investigations exhibited PGA valuedirdes on soft
sediments, such as the Mexico City records. On the other hand, alssasbserved

that, liquefied sandy deposits induce drastic reductions of peak adoekerat

There exist much fewer statistical analyses of strong motioatidn and of
its links with site conditions. All recent studiebrifunac and Novikova, 1994and
Theodulidis et al., 1995report a significant increase of duration on sediments,

especially at long periods.

IV.1.4 Surface topographic effect

It has been often reported after destructive earthquakes tildings located

at hill tops suffer much more intensive damage than those loaathd base. There

are also very strong instrumental evidences that surface topograpsigerahly
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affects the amplitude and frequency contents of ground moG@h et al. 1988;

Faccioli, 1991 and Finn and Liam, 1991

However, the number of instrumental studies about topographic effects
extremely low compared to studies dealing with soft soil droglion, so that it
remains impossible to derive any statistics from the existatg. Basically these
effects are related to three physical phenomena:

1- The sensitivity of the surface motions to the incidence anglachwis
especially large for S-waves around the critical angle. The slape #us
produces significant variations in the surface motion.

2- The focusing or defocusing of seismi@ves reflected along the topographic
surface Bard, 2007. The wedge shape medium illustrates the effem. (
12). If this wedge has an angl@ and is impinged by SH waves as
depicted in figure 7, then one can easily compute the resploynse
considering the multiple reflections within the wedge. The incgmiaves
will undergo n-1 reflections and each single point within the wedge is
reached byn waves. One may easily derive that, the motion amplitude at
the vertex is equal to n times the incident one, since teame phase lag
between the incoming and reflected waves.

3- The diffraction of body and surface waves, which propagate dowdswar
and outwards from the topographic features, lead to interferencenpatter

between the direct and diffracted waves.
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Figure 12: Response of a particular class of wedges to vertically inciéldntaves.
When the wedge angle is equal t@& there exist n different waves passing through
any point inside the wedge. All these waves interfere positiaelwedge vertex,
since there is no phase lag at this particular location, aneshéing amplitude of

motion is n times larger than the incident wéaier Bard, 2007)

V.2 SITE RESPONSE ESTIMATION TECHNIQUES

There are several methods for site effect evaluation. These methods are

classified according to various criteria into experimental, numeacdl empirical

approaches.
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IV.2 .1 EXPERIMENTAL METHODS
They may be based on different kinds of data: macroseismic alises;
microtremor measurements, weak seismicity surveys or strong motion

accelerograms.

A- Macroseismic observations

It sometimes happens that, the site of interest has alreadyrgong a
destructive earthquake and that, detailed macroseismic obsesvat@available. In
that case, a detailed analysis of these data in the light ofyregpucal and
geometrical maps may lead to a qualitative appraisal of the mostdbagarones.
Detailed macroseismic surveys immediately after destructive or wedlahiquakes
are therefore of primary interest for microzonation purpose. Detailedauestes
with an adequate format should therefore be carefully prepared. agseseismic
surveys have therefore to be complemented by the use of some empirical cosrelatio
between variations of intensity and variations of a few simple pdess) such as
peak acceleration, peak velocity and duration.

B- Dynamic characteristics estimation using microtremor observations

Microtremors are ambient vibrations of ground excited by natural iexead
atmospheric) or artificial (humans) disturbances, such as wea waves, traffic,
industrial machinery, high waterfalls, lakes, heavy machinery, rapitsge river

and railways ftield et al. 1990 Spectral feature of microtremors (background noise)
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exhibit a gross correlation with the site geological condstidar instance a short
predominant period of microtremors Q0.2 second) indicates a rather stiff rock,
while a larger period indicates softer and thicker deposits. The noise sanacesy
different from one site to another (even a near-by one) espeaaidhye short period
range. There are also significant variations in the noise leveigdday and night

times. A careful microtremor survey therefore requires precise measurements.

C-6SHFWUDO UDWLR 1DNDPXUDYV WHFKQLTXH

Nakamura, (1989proposed the basis of qualitative arguments that, the H/V
spectral ratio is a reliable estimation of the site responss-wave, providing
reliable estimates, not only of the resonance frequency, but alse obrresponding
amplification. These ratios are much more stable than the sjpestra and that, on
soft soil sites they exhibit a clear peak, which is well correlatddtive fundamental
resonance frequency.

D- Reference Site Techniques

The most common procedure for comparing records at nearby shese(w
source and path effects are believed to be identical) threpegtiral ratios is the
reference site technique or the traditional spectral ratio techiGRT). This
technique is introduced first biaorcherdt (1970)and generalized byAndrews

(1986) These spectral ratios constitute a reliable estimate of the sitesesjfahe
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reference site is free of any site effect. This means that, it shdiildthe two
following conditions:

1- It should be located near enough to ensure that, differerbeedn each site are
only due to site conditions.

2- It should also be unaffected by any kind of site effect.

IV.2 .2 NUMERICAL METHODS

A- Numerical modeling of horizontal shear-waves in soil

The amplitude of earthquake ground motion can be increased or eecbyas
both the properties and configuration of the near surfacerialatiarough which
seismic waves propagate. These properties, which affect theofeyelund motion,
are the impedance and absorption. Ms and Richards (1980pointed out, the
Impedance is the resistance to particle (rock or soil) motion.ckaxtelocity is
inversely proportional to the square root of the impedance. essmic wave passes
through a region of increasing impedance, the resistance tomiotreases and, to
preserve energy, the particle velocity and therefore the amplitudes adeibmic
wave decreases. Other factors aside, seismic waves of the same drstianee
earthquake would be higher on low density and low velostty than on high

density, high velocity rock. Mitigating the increase in amgitus absorption, also
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called damping or anelastic attenuation, which tends to b&asulally greater on

soft soils than on hard rocks.

When there are sharp changes in rock properties (impedance cditessis
WKH HDUWKY{fV VXUIDFH VHYHULY WKAKDYJHKDXYb
increase) in amplitude as the upwardly propagating seismic waversesavthe
change (usually a decrease) in impedance. When a seismic wave travers@s a she
change in properties (boundary) some of its energy, and thesefmee amplitude, is
lost in the form of reflections off that boundary and in the canorrto other wave
types, such as from P- to S- waves. Second, resonance as@osie of the seismic
waves transmitted into the upper rock (or soil) layer. They bedmapeed in this
layer and begin to reverberate. This effect is a maximum when tbeebesating
waves are in phase with each other.

In this section we shall study the effect of the boundary betweeralf-
spaces that are in contact along the plane Z = 0. If the half-spaces consistdyfea sol
fluid or a vacuum, then there are five nontrivial cases: solid/ssblid/fluid,
solid/vacuum, fluid/fluid, and fluid/vacuum. One of the most omant and
commonly encountered problems in geotechnical earthquake erigmds the
evaluation of ground response. Moreover, it is commonly knovat tluring
earthquakes the damage to structures is reasonably associdtdtdeminderlying
subsoil conditions. So the dynamic properties of underlyiods sare greatly

reflected by the characteristics of earthquake ground motionswidysurface (i.e.,
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ground response). It has also, been demonstrated that thepeoghatribution of
ground shaking-related damage and its intensity is strodgpendent on local
lithological and physical properties (e.g., silt and clay cdnteoid ratio) and
conditions (depthe-water table and basement) of the near surface sedinkanai(
1952 Ooba, 1957; Minakami and Sakuma, 1948; Chiaruttini and Siro, ;1981

Mueller et al., 198p

Figure (13): a-Nomenclature for layered soil deposits (1-D site response el
elastic bedrock. b- Thin element of a Kelvin-Voigt solid sutg@cto horizontal
shearing. Total resistance to shearing deformation is giyghdosum of an elastic

(spring) component and a viscous (dashpot) compdaéat Kramer, 1996)
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where;
, 1 . damping coefficient and density respectively, h: layer thickn@&ssshear
modulus, u: displacement, z: layer depth, 2z 1 WKH VKHDU VWUF

viscosity of the material.

This would cause upsurge of groundwater carrying sand, siltckEydin
sedimentary areas of unconsolidated, pours, water-saturate@asadshallow water
table (i.e., liquefaction). This is due to the fact, that the stiresuch conditions
reduces the shear resistance capacity of the soils. Consgquadtrstanding of the
soil effect on seismic wave became an urgent need in order to mapnreas
amplification is likely and conveying this information émergency mangers and
community officials. Moreover, it can be used in land use plannieducing
business vulnerability, retrofitting building, producing dglines for new
constructions and assisting in infrastructure upgrade. Therefoee,tloe years, a
great effort has been done in the level of theory (©gsaki, 1981 and Kramer,
1996 and applicationd.g., Faeh et al., 1990, 1993 and 1994; Zahradnik et al., 1991
& 1994, and Panza et al.,, 199& order to interpret the earthquake motion
characteristics at a site. Both theory and application are gftrped according to

the dimensionality of the problem they can addr&sarfier, 199%.

After addressing the importance of ground response issue, an atempt

predict ground surface motions (taking into account the effectocdl soils
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conditions) using there-dimensional ground response analysis approgich (3.
This is relies on the theoretical model proposedKibgmer (1996) Next section
describes the basics of the analysis used (i.e., 1-D ground respoa$/sis

approach) in this study and follows the general approakhasher (1996)

B. Geotechnical parameters-amplification relationship

The geotechnical data, such as the S-wave velocity or StandarolaBene
Test value (NSPT), are sometimes available in addition to th@esinformation on
surface geology. These parameters are used by several aiioskawa, 1987;
Joyner and Fumal, 1984; and Borcherdt et al., 128 they proposed relations
between the average S-wave velocity of surficial deposits aaartain thickness
and the relative amplification, as shownTiable (2) Applying these relations to the
obtained shear wave velocities and the amplifications at thie wedtern area of the
Gulf of Suez, we found that, the obtained amplification valuesus shear wave
velocities obey Midorikawa relatiorE(-Shahat, 2008 as shown irFigure (14) The
variation is due to the depth variation (the shear wave velocity nespect to the
upper 30 meters in the used relation, but the calculatedfaapin with respect to

the soil layer only about 5 meters).
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Table 2: Shear wave velocity-amplification relationships.

Where,

A : relative amplification factors for peak ground velocity.

AHSA : average horizontal spectral amplification in period range of 0.4 to 2.0 sec.
V1 : average shear-wave velocity to a depth of 30 m. (in m/sec).

V2 : average shear-wave velocity to a depth of a one-quarter \wgttelef a one

second wave 30 m. (in m/sec).

Figure 14: Amplification using shear wave velocities according to v@aathors

(after EI-Shahat, 2003)
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IV.2 .3 EMPIRICAL METHODS

The effects of soft sediments on seismic response have been cftauenb
The very large number of observations has allowed researchers topdengiwical
relations between surface geology and various measurements of dathtpieon.
These relationships, derived from one particular set of data Vblogneearthquake
observations and information on surface geology are availableheweapplied at

other locations, where only the surface geology is known.

A- Geology-amplification relationship
The correlation between surface geology and relative amplificédictors,
according to various authorsBdrcherdt and Gibbs 1976; Shima, 1978 and

Midorikawa, 1987, is illustrated inTable (3)

B- Geology-intensity-increment relationship
Various empirical relationships between surface geology andisargensity
increments have been proposéde(ivedev, 1962; Evernden and Thomson, 1985;

Kagami et al, 1988; Astroza and Monage, 1991
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Table 3: Correlation between surface geology and relative amplification factor.

Some ofthese relations have been obtained from sites where detadeditpt
data were also available and it made it possible to devetmirieal relationships
between the average horizontal spectral amplification (AHSA) medsand the

intensity increment are illustrated Trable (4)

IV.2. 4 Soil Structure Interaction Estimation

Ambient seismic noise measurements can be conducted insidauiaing
for checking whether its frequencies of vibration fall inkee range where soll
amplification is expected. If this is the case, damage mighease in case of an
earthquake due to an amplified structural response of the riguildiwo different

techniques were used: the ratio between the horizontal andavemponents of
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the spectra recorded at stations located inside the buildinthamrdtio between the
corresponding components of the spectra recorded simultanemsitie the

building and at a reference station placed outside. The lattehdaslvantage of
producing more stable results and deleting automatically nflaence of the

sedimentary cover, which might obscure some Eigen frequenciesrafiaibof the

building.

Ambient seismic noise instead of earthquakes should be recomside the
building using stations with 3D sensors (flat respanseelocity between 1 and 40
Hz). Measurements should carry out at different floors in additidmetodof and the
reference station outside the building simultaneously. There Hezedt stations
arrays can be used for measurements. The noise recording with a saugiog
100 Hz divided into 60-s windows. Ten or more windows riaghevith a 5% cosine
function were selected from the recordings at every site. The Féalcaslated for
each component and spectra are first corrected for instrumental espahshen
smoothed using a Hanning window with constant relataedividth. Finally, the
arithmetic mean of the results (H/V or RSM (Reference Site Measurements)) from
the selected windows is computed. The natural periodeobtiding is determined
from the spectra of the two horizontal components and the effdot abil structure

interaction is determined from the H/V or RSM techniques.
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Table 4. Correlation between surface geology and intensity increments

(reproduced from TC4-ISSMGE, 1999).
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V. SITE RESPONSE ESTIMATION IN AL_DAMMAM AND AL_KHOBAR

CITIES
V.1 INTRODUCTION

The surface of the earth is always in motion even without asakes. These
FRQVWDQW YLEUDWLRQV RI WK RINDRHMWHKIW RUX WPILDHF
The term "microtremor" is more commonly used in the field of eaakeu
engineering.Okada (2003)states that, amplitude of microtremors is, with some
extreme exceptions, generally very small. Displacements are in theodrti@f to
102 mm; far below human sensing. Although, they are very weak, they repeesent
source of noise to the earthquake seismologists. If the ampkiers increased in
order to record earthquake signals from a distant source, the wapldf
microtremors proportionally increases and the desired earthqugtka snay be
EXULHG LQ WKH *QRLVH™ RI PLFWRWDHWYRURX Q(® LQ
technically extremely difficult or impossible to achieve. Thereftwe ¢arthquake

UHVHDUFKHUYVY FDOO PLFURWUHPRUV 3VHLVPLF QRL

It was not until the late nineteenth century, that seisnstogould employ
VHLVPRPHWHUY WR REVHUYH WKHJIPDFEHHPHERQW FR I
microtremors have been a focus of their strong interest, as is eWden large
number of research papers published on the subject. Much of thebeatons
concern the source of vibration and a variation in their charagpanding on time

and location. It is well known that the microtremors are causedally human
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activities such as movement of machinery in factories, motor caispaople
walking; and natural phenomena such as flow of water in rivers, rand, variation

of atmospheric pressure, and ocean waves. Thus microtremors ammpbttely a
natural phenomenon as human activities constitute some ofsthetres. However,

DW SUHVHQW PLFURWUHPRUV DUWHQ REWWJ RJIDMW KSHHUY

3VLIJQDO" ,Q WKLVRAHWIHP HWKWHN IHWRAIHG WR DV 3XQ

Both human activity and natural phenomena (such as climate @ahio
conditions) vary with time as well, which sometime become very campl
irregular, and not repeatable. When microtremors are observed sienuisdy at
several spatially separated stations, it could be noted thaé tttremors are not
completely random but some coherent waves are also contained recdnds. In
other words, microtremors are an assemblage of waves traveling irusvario
directions. In fact, it is clearly demonstrated from the data of Japgeture seismic
array that microtremors are an assemblage of body waves and surface wawes. Tt
microtremors originating from human activities are dominatedhlieycomponents

with periods shorter than one second or higher than 1Hz in frequency.

On the other hand, the microtremors due to natural phenomenasutimatic
and oceanic condition have dominant periods greater than oneds@oequency
lower than 1 Hz), with associated amplitude and period v@amgicorresponding to
the natural phenomenon. The detailed analysis reveals tlagtmamors variation

depend upon location. The microtremor survey method has beaeddwifocus on
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this variation. In this band, one can observe that the powenaet affected by
atmospheric pressure. However, the peak levels and their frequéifigesetween
the stations. A variation through time and the pattermisansistent, as seen in the

average of the day-time and night-time power spectra.

In 1960s, explanations about power spectra were presenteliah the high
power level of low frequency components (below 1.0 Hz) and thechaoacteristic
spectral peaks have been attributed to oceanic activitie thiei higher frequency
components (above 1.0 Hz) were attributed to human activities camdtic
conditions. It has been observed that the spectral charactessibw significant
variation both locally and temporally. The microtremor survey ntkthblizes
signals with periods shorter than several seconds, whicayalexists in seismic

records, thereby demonstrating the ubiquitous applicability of thisadet

Microtremor is a phenomenon which varies both spatially anddeatip. As
the microtremor survey method assumes both spatial and temporatremors, it
IS necessary to investigate this characteristic. The threeerwnp microtremor
records at different times show complex variations, but the dedreenmplexity
does not vary during the recording period of three minutesieMer, the amplitude
envelope varies vastly between the microtremors recorded withinagnar éven as

little as three hours apatrt.

Temporal variation of microtremors has a good inverse relaipnsith

variation in atmospheric pressure: strength of microtremors incregitie lower
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atmospheric pressure with maxima soon after the trough. On liee loand, the
strength decreases with the increasing of atmospheric pressure. Bhanom
projecting a strong correlation between microtremors and atmeos pressure and
its lag by 3 to 15 hours present an interesting area foheiurtesearch. As
mentioned-above, the power spectra of higher-frequency microtrar®fected

by human activities, where a range of frequencies between 4 Hz Hadcléarly
have diurnal variation. More precise observation may reveal beatpower of

microtremors diminishes relatively around lunchtime and also on public halidays

V. 2 THE NAKAMURA TECHNIQUE

Nakamura, (1989proposed the basis of qualitative arguments that, the H/V
spectral ratio is a reliable estimation of the site responsg-wave, providing
reliable estimates, not only of the resonance frequency, but alse cbrresponding
amplification. These ratios are much more stable than the syestra and that,no
soft soil sites they exhibit a clear peak, which is well correlatedthéliundamental
resonance frequency. This alternative method gained much inbsestise of its
low cost, rapid field operations and simple analytical proedtigure(15) showsa

simple model proposed by Nakamura, which is based on the assumption that

(1) Microtremors are composed mainly of Rayleigh waves, propagatirgpft

surface layers overlying a half-space;

(2) The vertical motions are not affected by the soft soils;
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(3) The microtremors are originated by local surface sources (traffimduostrial

noise) without any contribution from deep sources;

(4) Amplification of the vertical component is exclusweissociated with the

depth of surface (Rayleigh) wave's motion.

Figure 15: Simple model of Nakamura methodlakamura, 1989.

According to Nakamura, the transfer function (i.e., the site responsgofun

for Rayleigh waves compensated for the source spectrum is:

A

SM: %

Where Zs= Hs/Vs and Zb=Hb/Vb. Under the prescribed assumptioss

vertical component is not amplified by the surface layer, i.e.,



Vs
b
thus
s
SM s

l.e. the vertical component of microtremors on the surface remichtracteristics

of horizontal component for the hard rock.

For each site the microtremor record is corrected for the base-line effart usin
the running average technique. This is done by sliding an a/enagow of a given
length over the data series. For each window position, theirmselcalculated as
the average value in the data window. Various numbers of wmeath 40 seconds
(8000 samples) duration were selected among the quietestfgae signal. This
time window is proven to be sufficiently long to providaldé results. The time
series was tapered with a cosine taper and an amplitude spéstoomputed for
each component. The FFT spectra were smoothed with a triangulengnitanning
window. In a final step, the geometrical mean is computed d¢ogenthe two

horizontal components in one outcome H component.



86

——
| —

V.2.1 EQUIPEMENTS AND DATA ACQUISITION

V.2.1.1 EQUIPEMENTS

V.2.1.1.1 Taurus data Logger

Due to the Al-Dammam and Al-Khobar citese crowded all time, the Taurus
Portable Seismograph which is a compact, self-contained digaizd data logger
that combines exceptional performance with versatility amddower consumption
(Fig. 19 has been used. The Taurus can be used either as a standradnserigs
data logger or as a component in a data acquisition netWatkus incorporates a
three-channel 28#it Digitizer, GPS receiver and system clock, removable data
storage, and remote communication options. Taurus is configuoalléylusing the
color display screen and integrated browser or remotely using re&isdr over a
TCP/IP connection. This instrument is equipped with thrediRdlata channels.
Time-series data are stored in Steim (1) format which can be extracted to MiniSEED,

Seisan, or ASCII format, and streamed in Nanometrics NP format.

As a portable unit, Taurus can be deployed to record contindatas for
extended periods of time. For example, when recording 3 chanr9sis, up to

GD\V RI GDWD FDQ EH UHFRUGGEGVXNVGEQUYMH- $%
Flash card may also be used as an alternative to a hard drive, f@lexarase at
more extreme temperatures or altitudes, or to realize optimal powearngoinsn.

Media are removable for easy data retrieval from the field. The extensnagest
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combined with low power consumption make the Taurus idealldng term

unattended data acquisition.

Figure 16: Taurus data logger (seismograph) for the microtremors.

V.2.1.1.2 Trillium Compact

6WDQGLQJ DW MXVW PP T QVDOOPAWK D
Trilllum Compact combines the superior performance of a broadbandosester
with the installation convenience of a rugged geophdéig (L7). The instrument
incorporates a symmetric triaxial force feedback sensor with anespflat to
velocity from 120 seconds to 100 Hz. Scientists no longer teeedmpromise on

performance in applications demanding small, highly portablenseneters. Data
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output can be remotely switched between XYZ and UVW, allgvaalibration of
the elements independently of the electronics. UVW may be canisty recorded,
if desired. The transfer function is approximately flat from 1®0800 Hz, as shown
in figure (18). Typical Trillium self-noise is plotted in figurd.9). Curves indicating

Peterson's new high- and low-noise models are included for references.

Figure 17: The Trillium compact 120s seismometer (  Nanometrics Inc. ).
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Figure 18: Trillium Compact 120s Nominal frequency response.
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Figure 19: The Trillium Compact 120s seismometer self noise.

V.2.1.2 Microtremor measurements

Al-Dammam and Al-Khobar Cities have been bisected in a grid @59
500m, each comprising a discrete measurement site. Microtremor measurement
were acquired through the period from February 2&00ne 2011Figures (20 and
21) illustrates the locations of 112 observation points IFKAobar city while,
Figures 22 and 2present 113 of measuring sites of in Al-Dammam city. At each
site, the microtremors were recorded continuously for, almost, one. fThe
Microtremors have been recorded at the measuring sites with thewifgl
precautions according tdakamura (1996); Mucciarelli et al., (1998); Mucciarelli

(1998); Bard and SESAME-Team (2005):
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1- Measurements were carried out using 1-second (or higher) triaxial velocimeter,

for analysis at periods longer than 1 second carried out measurements.

2- Avoided long external wiring, for reducing any mechanical andtreleic

interference.

3- Avoided measurements in windy or rainy days, which can cause kmng

unstable distortions at low frequencies.

4- Avoided recordings close to roads with heavy vehicles, whickecatrong and

rather long transients.

It is highly recommended that the above mentioned precautioaddition to
the following guidelines ables 5& § should be read carefully before and during

the field acquisition.

Digital records were obtained in the range of @825 Hz band-pass filter with a
sampling rate of 100 samples per secohdbles 7 and Hresent the time of
measurements at various sites in Al-Khobar and Al-dammam mspgctively. The
length of recording for each measurement is an important parametes, wdo short
a period will result in unreliable average spectral ratios. Jdmsors used were
calibrated before recording and installed in good couplirtg 80il. Furthermore, it
was isolated thermally against temperature changes using fiback box and
covered to reduce the interference of wind. Then, these sensors weredoriente

horizontally (north-south and east-west) and vertically leveled.
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Table 5: Guidelines for Microtremor measurements.
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Table 6: Sheet of Microtremor Field Measurements.

DATE: 10/2/1011 PLACE: Al-Dammam City, Al-Hamrah District (Cornish Street)
OperatorMeteb Al-Malki GPS type and No.
Latitude:26° 28.168 Longitude:50° 5.784 Altitude: 22 m
Station typeBroad-Band Sensor typeTrillium Compact
Station No.:22208 Sensor Serial No000190 | Disk No.:SanDisk
File Name: Point No.:1
Gain: Sample Freq.: 100 SPS Rec. Duration: 35 Minutes
Hz
Weather Wind None weak medium strong
Conditions Rain  None weak medium strong
Temperature (approx.): 25°C SBHPDUNYV ««««
Ground Type earth™ hard’ gravel sand rock grass ="
short’ A soft” A tall”
asphalt cement concrete paved other
dry soil ZHW VRLO UHPDUNYV ««««
Artificial Ground-Sensor Coupling No \HV WISH ««aaaad «&«KKKK
Building Density none scattered dense other, type ...
Monochromatic Noise sources (factori
Transients ZRUNV SXPSV ULYHUV
o @ Distance
© 8 No es, type
P S S = >
Cars ¥ Nearby Structures [rees, buildings
Trucks ¥ bridges, underground structures)
Pedestriang ¥ (description, height, distance)
other Nothing

Observations




Figure 20: Location of the microtremor measurements in Al-Khobar City.
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Table 7. Parameters of microtremor measurements sites at Al-Khobar City.

Site Latitude Longitude Date Start Time Endtime Duration Sampling
Code Frequency
Kh01  26°15.936° 50°11.337° 11/4/2011 10:23:00 10:53:33 30 100
Kh02  26°15.966° 50°11.588" 11/4/2011 11:32:00 12:02:00 30 100
Kh03  26°15.969° 50°11.931" 11/4/2011 13:33:00 14:03:00 30 100
Kh04  26°15.977° 50°12.258" 12/4/2011 06:44:00 07:14:00 30 100
Kh05  26°15.957° 50°12.543° 12/4/2011 08:28:00 08:58:00 30 100
Kh06  26°15.964° 50°12.883° 12/4/2011 09:45:00 10:1500 30 100
Kh07  26°16.011° 50°13.13° 12/4/2011 11:31:00 12:01:00 30 100
Kh08  26°16.254° 50°13.171° 14/4/2011 07:10:00 07:41:00 30 100
Kh09  26°16.235 50°12.884" 14/4/2011 08:22:00 08:52:00 30 100
Kh1l0  26°16.244° 50°12.572° 14/4/2011 10:10:00  10:40:00 30 100
Khll  26°16.240° 50°12.268" 14/4/2011 11:50:00 12:20:00 30 100
Khi2  26°16.245° 50°11.937° 15/4/2011 11:03:00 11:24:00 20 100
Kh13  26°16.227° 50°11.643" 15/4/2011 13:08:00 13:29:00 20 100
Khi4  26°16.235° 50°11.351° 15/4/2011 14:34:00  14:55:00 20 100
Khi5  26°16.507° 50°11.073° 15/4/2011 15:52:00 16:13:00 20 100
Kh1l6  26°16.506° 50°11.358" 16/4/2011 06:48:.00 07:09:00 20 100
Khl7  26°16.503° 50°11.646° 16/4/2011 07:39:00 08:00:00 20 100
Kh18  26°16.526° 50°11.927" 16/4/2011 09:16:00 09:37:00 20 100
Kh1l9  26°16.509° 50°12.232° 16/4/2011 10:05:00 10:26:00 20 100
Kh20  26°16.500° 50°12.561° 16/4/2011 10:56:00 11:17:00 20 100
Kh21  26°16.530° 50°12.875 16/4/2011 12:32:00 12:53:00 20 100
Kh22  26°16.503° 50°13.175" 16/4/2011 13:25:00 13:55:00 30 100
Kh23  26°16.779° 50°13.181° 16/4/2011 14:20:00 14:51:00 30 100
Kh24  26°16.795" 50°12.804° 16/4/2011 16:33:00 16:59:00 25 100
Kh25  26°16.776° 50°12.535" 17/4/2011 07:15:00 07:36:00 20 100
Kh26  26°16.781° 50°12.255° 17/4/2011 08:16:00 08:37:00 20 100
Kh27  26°16.775 50°11.922° 17/4/2011 09:12:00 09:33:00 13 100
Kh28  26°16.773° 50°11.662° 17/4/2011 10:20:00 10:51:00 30 100
Kh29  26°16.772° 50°11.329° 17/4/2011 12:00:00 12:31:00 30 100
Kh30  26°16.775 50°11.036° 17/4/2011 13:00:00 13:31:00 30 100
Kh31  26°17.049° 50°10.996° 17/4/2011 13:50:00 14:21:00 30 100
Kh32  26°17.040° 50°11.342° 17/4/2011 14:40:00 15:01:00 20 100
Kh33  26°17.057° 50°11.634° 17/4/2011 15:48:.00 16:09:00 20 100
Kh34  26°17.070° 50°11.954° 17/4/2011 07:46:00 08:07:00 20 100
Kh35 26°17.065 50°12.255° 18/4/2011 16:10:00 16:41:00 30 100
Kh36 26°17.031° 50°12.584° 18/4/2011 17:25:00 17:46:00 20 100
Kh37 26°17.031° 50°12.828" 18/4/2011 18:05:00  18:26:00 20 100
Kh38 26°17.061° 50°13.156° 18/4/2011 19:27:00  19:48:00 20 100
Kh39 26°17.068° 50°13.402° 18/4/2011 20:20:00 20:41:00 20 100
Kh40 26°17.311° 50°13.093 19/4/2011 07:44:00 08:05:00 20 100
Kh4l 26°17.290° 50°12.810° 19/4/2011 16:25:00  16:46:00 20 100
Kh42 26°17.311° 50°12.554° 19/4/2011 17:55:00 18:16:00 20 100
Kh43 26°17.326° 50°12.247° 19/4/2011 18:49:00  19:10:00 20 100
Kh44  26°17.314° 50°11.954° 19/4/2011 19:38:00 19:59:00 20 100
Kh45 26°17.314° 50°11.644° 19/4/2011 20:22:00 20:43:00 20 100
Kh46 26°17.325° 50°11.378" 19/4/2011 21:14:00 21:45:00 30 100
Kh47 26°17.322° 50°11.058° 20/4/2011 16:00:00 16:21:00 20 100
Kh48 26°17.271° 50°10.742° 20/4/2011 17:08:00  17:29:00 20 100
Kh49 26°17.582° 50°10.440° 20/4/2011 18:07:00  18:28:00 20 100
Kh50 26°17.584° 50°10.736° 20/4/2011 18:50:00 19:11:00 20 100
Kh51 26°17.592° 50°11.045° 20/4/2011 20:21:00 20:52:00 30 100
Kh52 26°17.587° 50°11.366° 20/4/2011 21:22:00 21:53:00 30 100
Kh53 26°17.574° 50°11.651° 20/4/2011 22:20:00 22:51:00 30 100
Kh54  26°17.595° 50°11.952° 30/4/2011 18:26:00 18:57:00 30 100
Kh55 26°17.588" 50°12.232° 30/4/2011 19:49:00 20:19:00 30 100
Kh56 26°17.589° 50°12.547" 30/4/2011 20:48:00 21:0900 20 100
Kh57  26°17.589° 50°12.845" 30/4/2011 21:33:00 21:54:00 20 100
Kh58 26°17.610° 50°13.137° 30/4/2011 22:15:00 22:36:00 20 100
Kh59 26°17.601° 50°13.469° 30/4/2011 23:17:00 23:48:00 30 100
Kh60 26°17.890° 50°13.464° 01/5/2011 15:38:00  15:59:00 20 100

Kh61 26°17.866° 50°13.133° 01/5/2011 17:21:00 17:42:00 20 100
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Kh62 26°17.857° 50°12.839° 01/5/2011 19:14:00 19:39:00 25 100

Kh63 26°17.865° 50°12.540° 01/5/2011 21:16:00 21:37:00 20 100

Kh64 26°17.865° 50°12.248° 01/5/2011 22:15:00 22:46:00 30 100

Kh65 26°17.861° 50°11.948° 01/5/2011 23:10:00 23:31:00 20 100

Kh66 26°17.854° 50°11.624° 02/5/2011 16:38:00 17:09:00 30 100

Kh67 26°17.861° 50°11.027° 02/5/2011 17:49:00 18:10:00 20 100

Kh68 26°17.857° 50°10.737° 02/5/2011 19:06:00 19:45:00 20 100

Kh69 26°17.856° 50°10.737° 02/5/2011 20:50:00 21:11:00 20 100
Kh70 26°17.849° 50°10.432° 02/5/2011 21:40:00 22:10:00 30 100
Kh71 26°17.792° 50°10.115° 02/5/2011 22:38:00 22:59:00 20 100
Kh72 26°18.121° 50°10.433 03/5/2011 16:22:00 16:43:00 20 100
Kh73 26°18.152° 50°10.736° 03/5/2011 17:22:00 17:43:00 20 100
Kh74 26°18.216° 50°11.058° 03/5/2011 18:16:00 18:47:00 30 100
Kh75 26°18.130° 50°11.332° 03/5/2011 19:12:00 19:33:00 20 100
Kh76 26°18.127° 50°11.627 ° 03/5/2011 20:23:00 20:44:00 20 100
Kh77 26°18.136° 50°11.938° 03/5/2011 21:59:00 22:20:00 20 100
Kh78 26°18.164° 50°12.239° 03/5/2011 22:46:00 23:17:00 30 100
Kh79 26°18.123° 50°12.521° 03/5/2011 22:48:00 00:09:00 20 100
Kh80 26°18.137° 50°12.829° 04/5/2011 00:45:00 01:06:00 20 100
Kh81 26°18.137° 50°13.102° 04/5/2011 16:07:00 16:28:00 20 100
Kh82 26°18.132° 50°13.397° 04/5/2011 17:22:00 17:43:00 20 100
Kh83 26°18.111° 50°13.693° 04/5/2011 18:32:00 18:53:00 20 100
Kh84 26°18.424° 50°13.466° 04/5/2011 20:02:00 20:23:00 20 100
Kh85 26°18.417° 50°13.144° 04/5/2011 22:28:00 22:49:00 20 100
Kh86 26°18.403° 50°12.840° 05/5/2011 17:13:00 17:34:00 20 100
Kh87 26°18.416° 50°12.510° 05/5/2011 18:15:00 18:36:00 20 100
Kh88 26°18.441° 50°12.219° 05/5/2011 19:06:00 19:27:00 20 100
Kh89 26°18.503° 50°11.957° 05/5/2011 19:54:00 20:25:00 30 100
Kh90 26°18.397° 50°11.627° 05/5/2011 21:12:00 21:33:00 20 100
Kh91 26°18.421° 50°11.316° 06/5/2011 18:10:00 18:31:00 20 100
Kh92 26°18.431° 50°11.003° 06/5/2011 19:01:00 19:22:00 20 100
Kh93 26°18.395° 50°10.690° 06/5/2011 19:49:00 20:10:00 20 100
Kh94 26°18.687° 50°10.710° 06/5/2011 20:40:00 21:01:00 20 100
Kh95 26°18.635° 50°11.053° 06/5/2011 21:21:00 21:42:00 20 100
Kh96 26°18.771° 50°11.303° 07/5/2011 15:40:00 16:11:00 30 100
Kh97 26°18.677° 50°11.640° 07/5/2011 17:06:00 17:27:00 20 100
Kho8 26°18.625° 50°12.001° 07/5/2011 18:01:00 18:22:00 20 100
Kh99 26°18.666° 50°12.235° 08/5/2011 21:24:00 21:45:00 20 100
Kh100 26°18.659° 50°12.556° 08/5/2011 16:28:00 16:49:00 20 100
Kh101 26°18.679° 50°12.896° 08/5/2011 17:56:00 18:17:00 20 100
Kh102 26°18.695° 50°13.150° 08/5/2011 18:51:00 19:12:00 20 100
h103 26° 18.634° 50°13.440° 09/5/2011 20:50:00 21:11:00 30 100
Kh104 26°18.744° 50°13.687° 11/5/2011 21:40:00 22:10:00 30 100
Kh105 26° 18.90° 50°13.724° 11/5/2011 22:38:00 22:59:00 20 100
Kh106 26°19.103° 50°13.455° 12/5/2011 16:22:00 16:43:00 20 100
Kh107 26°18.921° 50°13.133° 12/5/2011 17:22:00 17:43:00 20 100
Kh108 26°18.920° 50°12.920° 12/5/2011 18:16:00 18:47:00 20 100
Kh109 26°18.909° 50°12.535° 12/5/2011 19:12:00 19:33:00 20 100
Kh110 26°18.951° 50°12.240° 12/5/2011 20:23:00 20:44:00 20 100
Kh111l 26°18.970° 50°11.910° 13/5/2011 21:59:00 22:20:00 20 100
Kh112 26°18.974° 50°11.638° 13/5/2011 22:46:00 23:17:00 20 100
Kh113 26°18.943° 50°11.346°° 13/5/2011 22:48:00 00:09:00 20 100
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Figure 21: Microtremors field measurements in Al-Khobar City.
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Figure 22: Location of the Microtremors measurements in Al-Dammam City
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Table 8: Parameters of microtremor measurements in Al- Dammam City

Site Lat. Long. Date S.T. E.T. D. Min)  Sensor S. Freq. G.T.
DM1  26.4663 50.0758 10/2/2011 07:50 08:20 30 T.C. 100 asphalt
DM2 26.4559  50.0627 10/2/2011 13:30 13:55 25 T.C. 100 sand
DM3 26.4539  50.0844 10/2/2011 15:00 15:20 20 T.C. 100 gravel
DM4 26.4513 50.1302 11/2/2011 06:30 07:05 35 T.C. 100 sand
DM5 26.4674  50.1274 11/2/2011 08:16 08:46 30 T.C. 100 asphalt
DM6 26.4646  50.1147 11/2/2011 09:43 10:09 26 T.C. 100 asphalt
DM7 26.4344  50.1304 11/2/2011 11:09 11:35 26 T.C. 100 paved
DM8 26.4227 50.1278 11/2/2011 12:21 12:53 32 T.C. 100 asphalt
DM9 26.4302 50.1139 11/2/2011 13:30 13:50 20 T.C. 100 cement
DM10 26.4495 50.0969 12/2/2011 10:05 10:48 43 T.C. 100 asphalt
DM11  26.4315 50.0971 12/2/2011 12:31 12:51 20 T.C. 100 cement
DM12 26.4326  50.093 13/2/2011 06:33 07:08 35 T.C. 100 asphalt
DM13  26.4288 50.079 13/2/2011 08:30 09:00 30 T.C. 100 asphalt
DM14  26.4139 50.07 13/2/2011 10:00 10:25 25 T.C. 100 asphalt
DM15 26.4359 50.0715 13/2/2011 11:20 11:54 34 T.C. 100 asphalt
DM16  26.4404 50.0896 13/2/2011 12:35 13:00 25 T.C. 100 asphalt
DM17 26.4416 50.1189 13/2/2011 14:00 14:30 30 T.C. 100 asphalt
DM18 26.4247 50.1169 14/2/2011 09:00 09:31 31 T.C. 100 cement
DM19 26.4649 50.0876 8/4/2011 05:40 06:10 30 T.C. 100 asphalt
DM20 26.4678 50.0812 8/4/2011 07:11 07:41 30 T.C. 100 asphalt
DM21  26.4577 50.0828 8/4/2011 13:10 13:40 30 T.C. 100 sand
DM22 26.458 50.0891 8/4/2011 14:04 14:35 31 T.C. 100 sand
DM23  26.4545 50.089 8/4/2011 14:58 15:28 30 T.C. 100 sand
DM24  26.4583 50.0954 8/4/2011 17:25 17:52 27 T.C. 100 sand
DM25  26.4583 50.121 9/4/2011 04:27 04:47 20 T.C. 100 asphalt
DM26  26.4652 50.1227 9/4/2011 05:33 05:53 20 T.C. 100 sand
DM27  26.4573 50.1292 9/4/2011 06:15 06:35 20 T.C. 100 asphalt
DM28 26.4586 50.1139 9/4/2011 07:00 07:27 27 T.C. 100 asphalt
DM29 26.4515 50.1258 9/4/2011 08:03 08:23 20 T.C. 100 asphalt

DM30 26.4449 50.1313 9/4/2011 08:50 09:12 22 T.C. 100 asphalt
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DM31 26.4398 50.1308 9/4/2011 09:35 09:55 20 T.C. 100 cement
DM32 26.4515 50.1183 9/4/2011 12:00 12:20 20 T.C. 100 asphalt
DM33 26.4449 50.1249 9/4/2011 14:12 14:35 23 T.C. 100 asphalt
DM34 26.4403 50.1249 9/4/2011 15:00 15:20 20 T.C. 100 asphalt
DM35 26.4334 50.1255 9/4/2011 16:00 16:20 20 T.C. 100 paved

DM36 26.4333 50.1183 9/4/2011 16:50 17:10 20 T.C. 100 asphalt
DM37 26.4537 50.1041 10/4/2011 05:20 05:40 20 T.C. 100 asphalt
DM38 26.4535 50.0973 10/4/2011 06:08 06:28 20 T.C. 100 asphalt
DM39 26.4541 50.0735 10/4/2011 07:00 07:20 20 T.C. 100 asphalt
DM40 26.4498 50.0694 10/4/2011 09:00 09:20 20 T.C. 100 concrete
DM41 26.4474 50.0648 10/4/2011 10:10 10:30 20 T.C. 100 asphalt
DM42 26.4474 50.0804 10/4/2011 12:00 12:20 20 T.C. 100 asphalt
DM43 26.4352 50.0874 10/4/2011 13:00 13:22 22 T.C. 100 asphalt
DM44 26.4443 50.0968 10/4/2011 16:03 16:23 20 T.C. 100 sand

DM45 26.4449 50.114 11/4/2011 05:50 06:20 30 T.C. 100 asphalt
DM46 26.4389 50.1133 11/4/2011 06:48 07:18 30 T.C. 100 asphalt
DM47 26.4395 50.1068 11/4/2011 07:55 08:25 30 T.C. 100 asphalt
DM48 26.4411 50.065 11/4/2011 14:26 14:48 22 T.C. 100 asphalt
DM49 26.4416 50.0701 11/4/2011 15:21 15:46 25 T.C. 100 sand

DM50 26.4404 50.0766 11/4/2011 16:15 16:35 20 T.C. 100 asphalt
DM51 26.4344 50.0845 12/4/2011 05:57 06:22 25 T.C. 100 asphalt
DM52 264419 50.0814 12/4/2011 06:45 07:09 24 T.C. 100 asphalt
DM53 26.4291 50.0697 12/4/2011 09:07 09:37 30 T.C. 100 asphalt
DM54 26.4227 50.0684 12/4/2011 14:52 15:02 10 T.C. 100 asphalt
DM55 26.4249 50.124 11/5/2011 16:54 17:14 20 T.C. 100 asphalt
DM56 26.4202 50.1237 11/5/2011 17:33 17:58 25 T.C. 100 asphalt
DM57 26.4137 50.1261 11/5/2011 18:15 18:38 23 T.C. 100 sand

DM58 26.4145 50.1138 11/5/2011 19:44 20:04 20 T.C. 100 asphalt
DM59 26.4134 50.1083 12/5/2011 02:19 02:39 20 T.C. 100 asphalt
DM60 26.413 50.1024 12/5/2011 03:05 03:30 25 T.C. 100 asphalt
DM61 26.4199 50.1109 12/5/2011 03:57 04:22 25 T.C. 100 asphalt
DM62 26.4188 50.1047 12/5/2011 04:43 05:08 25 T.C. 100 asphalt
DM63 26.4249 50.1105 21/5/2011 15:50 16:10 20 T.C. 100 asphalt
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DM64 26.4196 50.0976 3/6/2011 16:26 16.47 21 T.C. 100 Sand

DM65 26.4254 50.0974 3/6/2011 17:10 17.30 20 T.C. 100 Sand

DM66 26.4159 50.0893 3/6/2011 17:50 18:10 20 T.C. 100 cement
DM67 26.4114 50.0811 3/6/2011 18:25 18:45 20 T.C. 100 Cement
DM68 26.4134 50.0763 3/6/2011 19:00 19:20 20 T.C. 100 Asphalt
DM69 26.4164 50.0664 3/6/2011 19:40 20:00 20 T.C. 100 asphalt
DM70 26.4194 50.0714 3/6/2011 20:22 20:42 20 T.C. 100 asphalt
DM71 26.4231 50.0738 4/6/2011 6:15 06:35 20 T.C. 100 asphalt
DM72 26.4246 50.0791 4/6/2011 6:51 07:11 20 T.C. 100 asphalt
DM73 26.4197 50.0837 4/6/2011 15:30 15:50 20 T.C. 100 asphalt
DM74 26.4243 50.0835 4/6/2011 16:12 16:32 20 T.C. 100 sand

DM75 26.4302 50.0833 4/6/2011 17:04 17:24 20 T.C. 100 asphalt
DM76 26.4205 50.0902 4/6/2011 17:48 18:08 20 T.C. 100 sand

DM77 26.4218 50.0942 4/6/2011 18:30 18:50 20 T.C. 100 cement
DM78 26.4272 50.0936 4/6/2011 19:11 19:31 20 T.C. 100 asphalt
DM79 26.4281 50.0887 4/6/2011 19:50 20:10 20 T.C. 100 asphalt
DM80 26.4341 50.0889 4/6/2011 20:25 20:45 20 T.C. 100 asphalt
DM81 26.4384 50.0961 4/6/2011 21:06 21:26 20 T.C. 100 asphalt
DM82 26.4247 50.0889 5/6/2011 13:54 14:15 21 T.C. 100 asphalt
DM83 26.4341 50.1096 5/6/2011 14:37 15:00 23 T.C. 100 sand

DM84 26.4292 50.1211 5/6/2011 15:20 15:42 22 T.C. 100 Sand

DM85 26.4449 50.1203 5/6/2011 16:06 16:26 20 T.C. 100 asphalt
DM86 26.4563 50.1255 5/6/2011 16:55 17:15 20 T.C. 100 asphalt
DM87 26.4613 50.1253 5/6/2011 17:38 17:58 20 T.C. 100 asphalt
DM88 26.4612 50.1178 5/6/2011 18:20 18:40 20 T.C. 100 asphalt
DM89 26.455 50.1172 5/6/2011 19:02 19:22 20 T.C. 100 asphalt
DM90 26.4496 50.1141 5/6/2011 19:52 20:12 20 T.C. 100 sand

DM91 26.4499 50.1084 6/6/2011 13:10 13:35 25 T.C. 100 asphalt
DM92 26.4488 50.1044 6/6/2011 13:55 14:15 20 T.C. 100 asphalt
DM93 26.4303 50.0742 6/6/2011 16:20 16:44 24 T.C. 100 asphalt
DM94 26.4269 50.0643 6/6/2011 17:10 17:40 20 T.C. 100 asphalt
DM95 26.4443 50.0857 6/6/2011 18:15 18:35 20 T.C. 100 sand

DM96 26.4426 50.0915 6/6/2011 18:56 19:16 20 T.C. 100 asphalt
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DM97  26.4441 50.1009 7/6/2011 04:00 04:20 20 T.C. 100 asphalt
DM98  26.4356 50.1 7/6/2011 04:51 05:11 20 T.C. 100 asphalt
DM99  26.4227 50.0999 7/6/2011 05:45 06:05 20 T.C. 100 asphalt
DM100 26.4491 50.0919 7/6/2011 15:10 15:30 20 T.C. 100 sand

DM101 26.4529 50.0923 7/6/2011 16:00 16:20 20 T.C. 100 sand

DM102 26.4448 50.1259 8/6/2011 14:00 14:05 5 T.C. 100 asphalt
DM103 26.4496 50.0988 8/6/2011 14:45 14:50 5 T.C. 100 asphalt
DM104 26.44 50.1102 8/6/2011 15:30 15:35 5 T.C. 100 concrete
DM105 26.4446 50.0726 8/6/2011 17:08 17:13 5 T.C. 100 concrete
DM106 26.4398 50.0754 8/6/2011 17:35 17:40 5 T.C. 100 concrete
DM107 26.4287 50.1062 9/6/2011 14:42 14:48 6 T.C. 100 concrete
DM108 26.4301 50.1041 9/6/2011 15:05 15:10 5 T.C. 100 asphalt
DM109 26.4277 50.0943 9/6/2011 15:35 15:40 5 T.C. 100 asphalt
DM110 26.4155 50.0779 9/6/2011 15:55 16:00 5 T.C. 100 concrete
DM111 26.4252 50.071 9/6/2011 16:30 16:46 16 T.C. 100 cement
DM112 26.4271 50.0696 9/6/2011 17:00 17:15 15 T.C. 100 asphalt
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Figure 23: Microtremors field measurements in Al-Dammam City.
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V. 3 BOREHOLE GEOTECHNICAL DATA

Shear wave velocity is a critical factor to identify stiffness ef sediment in
determining the amplitude of ground motialoyner and Fumal, 1985; Boore et al.,
1993 and Anderson et al., 19946)d might be a useful parameter to characterize local
geologic conditions quantitatively for calculating site oesme Park and Elrick,
1998. As an alternative, the relations between shear wave velocityeaedal other
physical properties (i.e. Standard Penetration Test) can béfigknthis can be
mapped more readily on a regional scatanfal, 1978 These correlations can be
applied to areal distribution, physical properties and thickness of theggeofots to
estimate and map shear wave velocity potential that is usefueifmis zonation

studies.

The method used here identifies soil profiles in site chenaation and
merges in-situ measurements of dynamic properties with geologiomaition
according to design code of IBC 2006. Twenty-nine boreholes lbese drilled
through Al-Khobar city [fig. 24) andTables (9 and 1Qresent the parameters from
these boreholes. Thirteen geotechnical boreholes have begunctsmhthrough Al-
Dammam City Fig. 25 andtables (11 and 12)resent the parameters from these
boreholes. The maximum penetrated depth of these logs us @ban. The SPT
was performed at 1.5 m interval in every boreh@dd&TM D158684), and their
respective blow counts were recorded. Measurements of the ambienthaoese

been carried out very close to or directly at the boreholes sWesre detailed
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information about the subsurface structure, namely the thickness of thestis

available.

Finally, the borehole information were combined with the oleskrsite
response functions to develop a 1-D model for the subsurfade aattulate the S-

wave velocity values for the soils that characterize the investigated region.



Figure 24: Location of Boreholes in Al-Khobar City.

]
90T |

(
\




107

——
| —

Table 9: Parameters of the drilled boreholes irAl-Khober City.

Borehole Name Latitude Longitude depth(m) W. L.(m)
BHO1 Al-Mamoon Primary School 26°15.921° 50°11.411 10.00 3.70
BHO2 Jabber Bin Hayan School 26°16.056° 50°12.082° 10.00 No G.T
BHO3 Al Tabri School 26° 16.255° 50°11.184° 10.00 No G.T
BHO4 Al Fahad Tower Bulding 26°16.347° 50°13.062 20.00 02.40
BHO5 Abdurrahman Bin Al Qasim School 26°16.844° 50°11.709° 10.00 07.00
BHO06 King Abdullah /King Abdulaziz Interchange 26° 16.863° 50° 12.493" 20.00 03.65
BHO7 King Abdullah /King Abdulaziz Interchange 26° 16.888° 50° 11.432° 20.00 03.70
BHO8 Al Zajil for Realestate Investment Est. 26°17.154° 50°11.778" 09.00 No G.T
BHO09 King Abdullah /Makkah Interchange 26°17.202° 50°11.367° 10.00 02.00
BH10 King Abdullah /Makkah Interchange 26°17.154° 50° 11.367° 10.50 02.10
BH11 Water Front Project , Sport Hall 26°17.234° 50°11.249° 25.50 08.60
BH12 King Abdullah /Makkah Intersection 26°17.255° 50°11.177° 25.50 08.58
BH13 King Abdullah /Makkah Intersection 26°16.989° 50°13.183" 24.50 02.00
BH14 Al Oula Tower , PhaseB 26°17.279° 50°12.995° 15.27 00.48
BH15 Dar Ghassan Consultants 26°17.199° 50° 13.340° 100.0 No G.T
BH16 Tamimi Safeway 26°17.311° 50°13.093" 21.00 00.30
BH17 Al Oula Tower , PhaseA 26 °17.452° 50° 13.379° 40.00 02.10
BH18 Al-Mana Tower (Hospital) 26°17.643° 50°13.087° 25.00 01.63
BH19 Jasim Al Gawahmed Engineering Office ~ 26° 18.029° 50° 11.959° 07.50 04.80
BH20 Accuracy & Innovation Est 26°18.121° 50°10.433° 10.10 No GT
BH21 Abdurrahman Al Dable Est 26°18.284° 50°10.575° 08.27 No G.T
BH22 Abdurrahman Al Siekh 26°18.043° 50°13.047 30.50 01.85
BH23 Bulding Eyes General Cont. Est 26°18.300° 50°12.840° 08.45 01.70
BH24 Al-Nahdi Realestate Group 26°18.430° 50°12.839° 15.00 02.70
BH25 Abdullah A.M.Al-Khodari & Sons Co. 26°18.644° 50°12.100° 08.00 No G.T
BH26 Girls School 26°18.587° 50°11.282° 08.00 No G.T
BH27 Anmatt Al Amar Construction Co.Ltd 26° 18.562° 50° 13.334° 12.29 01.85
BH28 Mosa & Sultan Sons of AbdulAziz Al-Mosa 26° 18.702° 50° 13.031° 20.00 00.50

BH29 Al Sharq Architects & Design 26°18.768° 50°13.416 20.00 03.20
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Where; G.W.L: the Ground Water Level ("HAFCO: Soil & Foundation Company

Table 10 : Geotechnical parameters for borehole No.29 in Al-Khobar City.

el
29 0 0.5

0.5 Brown, medium dense, poorly graded fine to medium 0.5

1 sillceous carbonate SAND with silt & seashells. 05| 17
1.5 0.5

2 Ditto, 05 | 27
2.5 0.5

3 Ditto, gray 05 | 17
3.5 0.5

4 Ditto, loose 05| 10
4.5 0.5

5 Ditto, light gray, medium dense 05| 11
5.5 0.5

6 Ditto, 05 | 13
6.5 0.5

7 0.5

7.5 Light gray, medium dense poorly graded, fine 05| 16

8 to medium SAND with seashells 0.5

8.5 0.5

9 Ditto, 05| 20
9.5 0.5

10 0.5
10.5 | Light gray, medium dense cermented silty 05| 40
11 SAND (gravel sizes) 0.5
115 0.5

12 Ditto, medium dense 05| 15
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Borehole Name Latitude Longitude depth G.W.L

(m) (m)

Figure (25): Location of boreholes in Dammam city.



(1]

DB1 Al Zahour school 26.4539 50.0913 6.45 3.50
DB2 Al Maarif Primary School 26.4162 50.0944 10 9.00
DB3 Yazeed Al-Shibani Primary School 26.4288 50.0880 10

DB4 Girls School 26.4496 50.0988 10 1.10
DB5 School 26.4342 50.0971 10 3.30
DB6 38 Primary School girls. 26.4446 50.0726 8.5 1.20
DB7 Girls School 26.4448 50.1259 10 1.20
DB8 General Girls Education Management 26.4495 50.0969 10.5 4.50
DB9 Girls School 26.4309 50.0742 8 1.10
DB10 Zaid Bin Al Khattab Medium School 26.4104 50.0785 10 7.00
DB11 Intersection 26.4411 50.0650 25 0.60
DB12 Intersection 26.4251 50.1146 35 2.70
DB13 Civil Defense. 26.4301 50.1041 12 2.60

Where; G.W.L: the Ground Water Level (m), SAFCO: Soil & Foundation Company

Table 11: Parameters of the collected bore-hole data through Al-Dammam City.

Table 12 : Geotechnical parameters for borehole No.11 in Al-Dammam City.

Depth(m)| SPT| N60 | (N1)60 Description H
0.15 Backfill, consist of gravels, sand and silt. 0.85

1 7 5 10 | light brown to gray, very loose to loose silty sg 1

2 5 4 7 light brown to gray, very loose to loose silty sg 1

3 6 5 8 light brown to gray, very loose to loose silty sg 1

4 7 5 10 | light brown to gray, very loose to loose silty sg 1
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5 11| 8 15 | light gray, medium dense silty sand and shelly 1
6 35 | 26 49 | light brown, dense sand with silt and shells 15
7.5 38 | 29 53 | light brown, dense sand with silt and shells 15
9 R off white, hard elastic silt with sand (marl) 3
10.5 R off white, hard elastic silt with sand (marl)
12 R brown, hard fat clay with sand 4.5
13.5 R brown, hard fat clay with sand
15 R brown, hard fat clay with sand
16.5 R dark grey, hard sandy elastitt si
18 R dark grey, hard sandy elastic silt.
19.5 R dark grey, hard sandy elastic silt.
21 R dark grey, hard sandy elastic silt.
22.5 R dark grey, hard sandy elastic silt.
24 R dark grey, hard sandy elastic silt.
25 end of boring

VI. DATA PROCESSING AND RESULTS

VI. 1 MICROTREMOR MEASUREMENTS

The collected data have been processed thr@egipsy softwaredeveloped
within the framework of the great European project SESAME. At each sitegettie fi
measurements sheet proposed by SESAME prdg&SAME Guidelines, 20Q4vas

filled in terms of time, date, operator name, coordinates, etc. All the necesshary



113

——
| —

recommended information about the recorded signals were applied according to thes

guidelines.

VI. 1 .1 Criteria for Reliability of results

The SESAME project recommended several criteria for reliability of results

as follows;
Fo > 10/1,

According to this condition, at the frequency of interest, therat least 10
significant cycles in each window. Although not mandatory, bilteifdata allows,
it is always fruitful to check whether a more stringent caowlit(f, > 20 / |,) can

be fulfilled, which allows at least ten significant cycles frequencies half the

peak frequency , and thus enhances reliability of the whole peak

N (fo) > 200

According to this condition, a large number of windows are neetled total
number of significant cycles:.n= |,.fo is larger than 200 (which means, for
instance, for a peak of 1 Hz, there are at least 20 windows @cb@ds each; or,
for a peak of 0.5 Hz, 10 windows of 40 seconds each). In case nowind

selection is considered all transients are taken into account.

VA(f)<2 for 05f0<f<2fif f,>05Hz

or VA(f) <3 for 0.5<f<2f if fy <05Hz
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This condition takes into account an acceptably low level ofescagtbetween all

windows.
VI. 1. 2 Criteria for clear H/V Peak

According to the SESAME Guidelines, at least five of the follgngnteria

must be achieved for the clarity of H/V peaks.
. E .
| E %aOG m, kEoO # U

one frequency T should be lying betweeg/4 and §, such as A/ AH/V (f) > 2

I E BEaA @M, kEoO # U
Another frequency'f should be lying betweeg &nd 4§, such as AA.y (f7) > 2

Ag>2
freaPun (F) 1 1L T @, r5%

The peak should appears at the same frequency (within a percentage arbthe)

H/V curves corresponding to mean + afidne standard deviation.
Vi Kif,)
Vi should be lower than a frequency dependent thresHo)l, as inTable 13

VA (fo) < Tfo)

Wi (fo) should be lower than a frequency dependent threshdil as inTable 13
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Table 13: Threshold values forV and W (fo)

Frequency range <0.2 0.2 x£05 05 £ |1.0-20 >2.0
(Hz) 1.0
K o) (Hz) 0.25 0.20f, | 015f, | 0.10fo | 0.05f
fo
T(fo) for A (fo) 3.0 2.5 2.0 1.78 1.58
Log T(fo) for Mogrn (fo) | 0.48 0.40 0.30 0.25 0.20

Where;

I, = window length

n,, = number of windows selected for the average H/V curve
ne = ly.Ny.fo is the number of significant cycles

f = current frequency

f senso= S€Nsor cut-off frequency

fo= H/V peak frequency

V = standard deviation of H/V peak frequengy+(fV)

Hfo) = threshold value for the stability condition< Hfo)

Ao = H/V peak amplitude at frequengy f

Ay () = H/V curve amplitude at frequency f
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f = frequency betweenr/#t and § for which Ay (f) < Ay/2
f* = frequency between &nd 4f for which Ay () < Ay/2
W (f) = "standard deviation" of 4, (f) , W (f) is the factor by which the mean
Ann () curve should be multiplied or devided
Vogrv (f) = standard deviation of the logyA (f) curve, \ogu (f) is an absolute
value which should be added to or subtracted from the meanjpd)Aurve
T(fp) = threshold value for the stability condition (f) < Tfo)
Vs = average S-wave velocity of the total deposits
Vs, surf = S-wave velocity of the surface layer
H = depth to bedrock
Hmin = lower-bound estimate of h
VI. 1. 3 Microtremors Mesurements
At each site, the microtremors data file was divided into detiera
windows of 30 -50 sec for spectral calculatioRsg( 26. This time window is
proven to be sufficiently long to provide stable resulte $hlected time windows
were Fourier transformed using cosine tapering before transformdthe spectra

were then smoothed with a Konno & Ohmachi algoritfitonno and Ohmachi,

1998. After data smoothing the spectra of EW and NS channels at avesige
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divided by the spectra of the vertical channel (Nakamura estimadejer to obtain
spectral ratios. The geometrical average of the two componens ratithe site
amplification function. However, in most cases, due to tfleance of sources like
dense population, high traffic and industries activities thenaasce frequency

cannot be directly identified from microtremors specdiaval et al., 2004

Figure(27) presents an average horizorttalvertical spectral ratio for point
No. 72 (in Al-Khobar City). As shown, the dominant peak is 13e@rmHz, while the
observed amplification factor is about 3.6. The solid line ssts the average

value.

Figure 26: Colored- window noise for poi§t 72 in Al-Khobar City.
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Figure 27: HVSR for the poif® 72 in Al-Khobar City.

VI. 1. 3 .1 Criteria for H/V industrial origin Peaks

It often occurs in urban environments where H/V curves exhibit local
narrow peakszor troughs. In most cases, such peaks or troughs are related to
VRPH NLQG RI PDFKLQHU\ WXUELQH H8QHWUDDKRI

following general characteristics:

x They may exist over a significant area, may be up to a distahceveral
kilometers from their source in the same localities.

X As the source is more or less "permanent” (at least within woHongs), the
original (non-smoothed) Fourier spectra should exhibit shamow peaks at the

same frequency for all the three components, as sdéglire (28).
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X Reprocessing with less and less smoothing: in the casedo$trial origin, the
H/V peak should become sharper and sharper, which is not the casesite
effect peak linked to soil characteristics.

x If other measurements have been performed in the same area, determine whether
peak exists at the same frequencies with comparable sharpness ({livedanof
the associated peak, even for fixed smoothing parameters, magigaificantly
from site to site, being transformed sometimes into a trough).

x Another very effective check is to apply the random decrement technique
(Dunand et al., 20Q02to the ambient vibration recordings in order to derive the
“Impulse response” around the frequency of interest: if the corresponding dampin
(2) is very low (below 1%), an anthropogenic origin may be assuaimadst

certainly, and the frequency should not be considered for the rigiimipn

purposesKig. 29.

(H/IV) Fourier Spectrum

Figure 28: Detection of industrial origin peaks.
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Figure 29: peaks for industrial and natural origin with damping test.

Fundamental frequencies and the corresponding amplifications &bm
measurement sites across Al-Khobar City are summarizédbte 14andFigures
30 and 32while Figure 32 represents the predominant periods through the city. The
site response functions of the soil sites exhibit peakdoatinant frequencies
between 0.3 to 7.8 Hz. The lower resonance frequencies (range from303Ha)
are attained at sites in the northern part. On the other handhigher resonance

frequencies (range from 5.2- 7.8 Hz) are attained at sites in theesopidrt. As a
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consequence, intermediate values of frequencies%3.2 Hz) are distributed in the

central part of the city.

The map of maximum amplificationFig. 32 reflects a variation in the
iImpedance values between the bedrock and the overlying sediniaetdighest
amplifications (greater than 4) are attained at the northern ardaseVaitively thick
sediments, while the lower amplification (range from 1-2.5) prevaidte central
areas of shallow bedrock. But the intermediate vabfemmplification (2.5 - 4) are
encountered through the central part of the area. Accordingly, Ab&hCity is
divided into three zones, each characterized by a fundamental resonaneadyequ

of the soil column as follows:

Zone 1l:Characterized by a resonance frequency betwesand1.03Hz.
Zone2:Characterized by a resonance frequency betdgsandl.23Hz.

Zone 3:Characterized by a resonance frequency betdie&tandl.73Hz.

While these parameter$dble 15, Figs. 33, 34 and )3bas been noticed that
parameters for site effects are remarkably robust in Al-Dammam City. Conmmpariso
of the two neighboring points reveals that differences in ldoation of the
fundamental frequencies and amplification levels are small and hieeagjshapes of
two horizontal components are similar. These findings significantrease the
reliability of the obtained information and emphasize the importah@e densely

laid observation points in microzoning studies. Accordinghe study area is
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divided into four zones, each characterized by a fundamental resdremency of

the soil column as follows:

Zone 1:Characterized by a resonance frequency bet@ekmnd3.9 Hz.
Zone2:Characterized by a resonance frequency betweésmnd5.2 Hz.
Zone 3:Characterized by a resonance frequency betWwetgnd6.5 Hz.

Zone 4:Characterized by a resonance frequency betwéegnd7.8 Hz.

Table 14: Results of Microtremor Measurements in Al-Khobar City.

Site No. of No. of Window No. of H/V Peak  Standard Fundamental Standard Remarks
Code samples windows length cycles amplitude  Deviation Frequency Deviation
(nw) (Iw) (nc) (AO) * ~( (FO) (e (e
KHO1 180000 10 30 8778 2.02 1.08 29.26 2.52 Industrial
180000 10 30 369 1.53 0.37 1.23 0.08 Natural
KH02 180000 10 40 11828 1.87 1.08 29.57 1.33 Industrial
180000 10 40 528 1.36 0.5 1.32 0.09 Natural
KHO3 180000 10 40 6700 2.13 1.05 16.75 1.14 Industrial
180000 10 40 620 1.31 0.33 1.55 0.07 Natural
KHO4 180000 -- -- -- -- -- -- No Industrial
180000 12 50 852 2.52 1.15 1.42 0.23 Natural
KHO5 180000 10 30 1593 3.09 1.13 5.31 0.32 Industrial
180000 10 30 498 1.64 0.21 1.66 0.08 Natural
KHO6 180000 11 50 5500 3.64 1.06 10 0.43 Industrial
180000 11 50 550 1.3 1.16 1 0.06 Natural
KHO7 180000 10 50 3070 3.75 1.08 6.14 0.3 Industrial
180000 10 50 505 1.2 1.19 1.01 0.07 Natural
KHO08 180000 10 50 3740 3.13 1.1 7.48 0.29 Industrial
180000 10 50 500 1.2 1.3 1 0.08 Natural
KHO09 180000 10 50 2915 2.84 1.11 5.83 0.48 Industrial
180000 10 50 435 15 1.14 0.87 0.09 Natural
KH10 180000 12 25 9675 4.23 1.14 32.25 1.04 Industrial
180000 12 25 594 1.19 0.27 1.98 0.07 Natural
KH11 180000 10 25 35075 4.33 1.28 14.03 0.72 Industrial
180000 10 25 432.5 1.11 1.35 1.73 0.09 Natural
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KH12 120000 10 40 6200 1.55 1.03 15.5 0.79 Industrial
120000 10 40 628 0.93 0.19 1.57 0.04 Natural
KH13 120000 10 30 9678 3.09 1.07 32.26 1.07 Industrial
120000 10 30 465 0.88 0.18 1.55 0.11 Natural
KH14 120000 10 40 14932 2.87 1.1 37.33 2.66 Industrial
120000 10 40 760 0.77 0.17 1.9 0.06 Natural
KH15 120000 11 40 14907.2 2.55 1.07 33.88 1.9 Industrial
120000 11 40 545.6 0.84 0.1 1.24 0.51 Natural
KH16 120000 10 40 14924 3.4 1.14 37.31 1.46 Industrial
120000 10 40 648 0.71 1.17 1.62 0.08 Natural
KH17 - -- -- -- -- -- - -- No Industrial
120000 10 20 230 1.09 1.35 1.15 0.24 Natural
KH18 120000 10 40 7356 2.87 1.1 18.39 0.46 Industrial
120000 10 40 480 2.05 15 1.2 0.04 Natural
KH19 120000 12 30 4377.6  3.08 1.07 12.16 1.36 Industrial
120000 12 30 604.8 1.25 0.36 1.68 0.08 Natural
KH20 120000 10 25 1087.5 1.75 1.18 4.35 0.63 Industrial
120000 10 25 177.5 1.81 1.45 0.71 0.11 Natural
KH21 120000 10 30 1443 3.19 1.07 481 0.45 Industrial
120000 10 30 291 1.2 1.17 0.97 0.07 Natural
KH22 120000 10 40 2228 3.81 1.08 5.57 0.54 Industrial
180000 10 40 380 1.2 1.19 0.95 0.1 Natural
KH23 180000 10 40 2220 2.96 11 5.55 0.4 Industrial
180000 10 40 348 1.08 1.18 0.87 0.07 Natural
KH24 150000 10 30 1593 1.72 1.18 5.31 0.53 Industrial
150000 10 30 273 1.34 1.28 0.91 0.07 Natural
KH25 120000 10 40 2988 1.35 1.1 7.47 0.79 Industrial
120000 10 40 304 1.35 1.14 0.76 0.09 Natural
KH26 120000 10 30 4656 3.40 1.07 15.52 0.83 Industrial
120000 10 30 480 1.14 0.43 1.60 0.08 Natural
KH27 089583 10 30 6072 4.44 1.07 20.24 0.34 Industrial
089583 11 25 440 1.01 0.24 1.60 0.09 Natural
KH28 180000 15 30 11884.5 1.43 0.37 26.41 2.72 Industrial
180000 15 30 684 1.01 0.31 1.52 0.09 Natural
KH29 180000 10 30 14232 1.69 0.40 47.44 2.53 No Industrial
180000 10 30 477 0.89 0.14 1.59 0.08 Natural
KH30 -- -- -- -- -- -- - -- No Industrial
180000 10 50 585 0.94 1.4 1.17 0.18 Natural
KH31 - -- -- -- -- -- - -- No Industrial
180000 10 50 480 1.26 1.23 0.96 0.19 Natural
KH32 - - - - - - -- - No Industrial
120000 10 50 480 0.92 1.23 0.96 0.15 Natural
KH33 120000 10 40 12084 1.84 1.1 30.21 2.13 Industrial
120000 10 40 404 1.05 1.21 1.01 0.06 Natural
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KH34 120000 10 30 6246 3.39 1.07 20.82 0.74 Industrial
120000 10 30 273 1.7 1.54 0.91 0.08 Natural
KH35 180000 10 40 7176 3.85 1.09 17.94 0.41 Industrial
180000 10 40 320 0.95 1.24 0.8 0.1 Natural
KH36 120000 10 30 1758 2.05 1.1 5.86 1.02 Industrial
120000 10 30 273 1.3 1.37 0.91 0.08 Natural
KH37 120000 10 18 473.4 3.31 1.22 2.63 0.14 Industrial
120000 10 18 160.2 2.14 1.82 0.89 0.07 Natural
KH38 120000 13 50 2977 4.29 1.12 4.58 0.6 Industrial
120000 13 50 591.5 1.21 1.26 0.91 0.04 Natural
KH39 120000 10 50 3225 4.31 1.07 6.45 0.2 Industrial
120000 10 50 785 1.18 1.22 1.57 0.09 Natural
KH40 -- -- -- -- -- -- -- -- No Industrial
120000 10 25 75 1.63 0.86 0.30 0.03 Natural
KH41 120000 10 40 1748 2.82 1.15 4.37 0.55 No Industrial
120000 18 50 198 2.96 1.76 0.22 0.02 Natural
KH42 120000 10 40 8656 4.17 0.64 21.64 6.91 Industrial
120000 10 40 108 1.06 0.69 0.27 0.03 Natural
KH43 120000 10 50 1980 3.95 1.11 3.96 0.4 Industrial
120000 12 50 192 3.54 1.29 0.32 0.05 Natural
KH44 120000 10 50 12650  2.97 1.09 25.3 0.60 Industrial
120000 10 50 505 1.25 1.26 1.01 0.06 Natural
KH45 120000 13 50 18973.5 2.16 1.08 29.19 0.75 Industrial
KH46 180000 10 50 23790 11.6 1.11 47.58 1.98 Industrial
180000 10 50 525 2.97 1.55 1.05 0.10 Natural
KH47 - - - - - - - - No Industrial
120000 10 50 490 1.46 1.16 0.98 0.17 Natural
KH48 . -- -- - -- -- -- -- Industrial
120000 10 50 200 4.76 1.30 0.40 0.05 Natural
KH49 120000 10 50 2405 2.27 1.1 4.81 0.34 Industrial
120000 10 50 500 2.02 1.21 1.00 0.05 Natural
KH50 -- -- -- -- -- -- -- -- No Industrial
180000 10 50 790 3.24 1.19 1.58 0.25 Natural
KH51 180000 10 50 19975 3,07 1.04 39.95 0.96 Industrial
180000 10 50 500 2.11 1.15 1 0.05 Natural
KH52 180000 10 50 500 1.49 1.21 1 0.14 Natural
KH53 180000 13 50 8060 3.59 1.05 12.4 0.51 Industrial
180000 13 50 650 1.53 1.2 1 0.07 Natural
KH54
180000 10 50 505 0.8 1.21 1.01 0.23 Natural
KH55 180000 11 30 6854.1  4.02 1.11 20.77 1.2 Natural
180000 10 30 489 1.08 1.35 1.63 0.09 Industrial
KH56 120000 10 30 1515 2.98 1.09 5.05 0.46 Natural
120000 10 30 303 1.00 1.16 1.01 0.09 Industrial
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KH57 120000 10 25 1090 2.11 1.24 4.36 0.84 Industrial
120000 10 25 240 1.00 1.23 0.96 0.06 Natural
KH58 120000 10 40 1436 3.8 1.11 3.59 0.24 Industrial
120000 10 40 332 1.05 1.23 0.83 0.1 Natural
KH59 180000 10 50 1885 4.00 1.10 3.77 0.17 Industrial
180000 10 50 425 0.92 1.19 0.85 0.07 Natural
KH60 120000 10 40 1372 3.98 1.11 3.43 0.30 Industrial
120000 10 40 400 1.42 1.21 1.00 0.07 Natural
KH61 120000 10 25 3550 2.06 1.11 13.4 0.5 Industrial
120000 10 25 252.5 1.42 1.32 1.01 0.05 Natural
KH62 150000 10 40 1660 2.66 1.13 4.15 0.61 Industrial
150000 10 40 248 0.98 1.5 0.62 0.09 Natural
KH63 120000 10 40 2988 2.84 1.07 7.47 0.63 Industrial
120000 10 40 400 1.00 1.23 1 0.05 Natural
KH64 180000 10 50 8145 3.51 1.06 16.29 1.12 Industrial
180000 10 50 500 0.86 1.13 1 0.05 Natural
KH65 120000 10 40 6860 3.82 1.05 17.15 0.32 Industrial
120000 10 40 400 1.03 1.21 1.00 0.07 Natural
KH66 180000 10 50 6690 1.95 1.05 13.38 0.78 Industrial
180000 10 50 910 0.88 1.28 1.82 0.09 Natural
KH67 180000 10 25 113825 271 1.20 45.53 1.93 Industrial
120000 10 25 227.5 0.88 1.33 0.91 0.05 Natural
KH68 120000 10 50 17755 1,73 1.1 35.51 1.18 Industrial
120000 10 50 955 1.26 1.21 1.91 0.07 Natural
KH69 == == == == == == - == No Industrial
120000 10 50 1005 2.05 1.17 2.01 0.32 Natural
KH70 180000 10 50 12800 258 1.12 25.6 3.82 Industrial
180000 10 50 530 1.17 1.13 1.06 0.08 Natural
KH71 120000 10 50 2290 1.57 1.12 4,58 0.06 Industrial
120000 10 50 505 1.32 1.16 1.01 0.06 Natural
KH72 - == == == == == - == No Industrial
120000 10 50 1000 1.72 1.23 2 0.48 Natural
KH73 - - - - - - - - No Industrial
120000 10 50 1455 1.87 1.13 2.91 0.28 Natural
KH74 180000 10 50 20550  1.36 1.16 41.1 1.27 Industrial
180000 10 50 710 1.17 1.18 1.42 0.07 Natural
KH75 120000 10 50 22890 157 1.08 45.78 0.92 Industrial
120000 10 50 820 0.97 1.12 1.64 0.07 Natural
120000 10 50 855 0.85 1.14 1.71 0.09 Natural
KH91 120000 10 50 13250 1.78 1.07 26.5 1.34 Industrial
120000 10 50 825 1.1 1.2 1.65 0.06 Natural
KH92 120000 10 50 21600  1.37 1.06 43.2 2.25 Industrial
120000 10 50 580 0.91 1.17 1.16 0.09 Natural
KH93 120000 10 50 16130 1.94 1.05 32.26 0.74 Industrial
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120000 10 50 610 1.53 1.21 1.22 0.05 Natural
KH94 120000 10 50 19585 1.67 1.04 39.17 0.96 Industrial
120000 10 50 860 1.06 1.2 1.72 0.09 Natural
KH95 120000 10 50 14620 1.43 1.03 29.24 4.49 Industrial
120000 10 50 505 111 111 1.01 0.09 Natural
KH96 180000 10 50 21625 2.23 1.06 43.25 2.13 Industrial
180000 10 50 505 1.21 1.19 1.01 0.05 Natural
KH97 120000 10 50 8140 2.37 1.04 16.28 1.54 Industrial
120000 10 50 405 1.08 1.23 0.81 0.09 Natural
KH98 120000 10 50 8555 4.55 1.06 17.11 0.36 Industrial
120000 10 50 400 0.87 1.21 0.8 0.07 Natural
KH99 120000 10 20 2984 3.78 1.27 14.92 0.92 Industrial
120000 10 20 180 1.28 1.44 0.9 0.1 Natural
KH100 120000 10 50 4650 2.46 1.09 9.30 0.61 Industrial
120000 15 50 195 1.73 1.11 0.26 0.05 Natural
KH101 120000 10 50 2290 2.65 1.09 4.58 0.09 Industrial
120000 19 50 370.5 1.20 0.68 0.39 0.04 Natural
KH102 120000 10 30 2460 2.28 1.05 8.20 0.31 Industrial
120000 16 30 115.2 2.03 2.68 0.24 0.02 Natural
KH103 -- -- -- -- -- -- - -- No Industrial
180000 14 50 154 1.96 2.10 0.22 0.02 Natural
KH104 180000 10 30 1026 3.48 1.19 3.42 0.31 Industrial
180000 10 30 69 2.01 2.08 0.23 0.02 Natural
KH105 120000 10 50 1375 3.68 1.12 2.75 0.43 Industrial
120000 13 50 279.5 1.06 0.48 0.43 0.06 Natural
KH106 -- -- -- -- -- -- - -- No Industrial
120000 11 50 275 151 0.41 0.50 0.04 Natural
KH107 -- -- -- -- -- -- - -- No Industrial
120000 10 40 144 2.53 1.59 0.36 0.07 Natural
KH108 -- -- -- -- -- -- - -- No Industrial
120000 16 50 264 2.35 1.33 0.33 0.07 Natural
KH109 120000 10 40 4656 2.97 1.05 11.64 0.71 Industrial
120000 10 40 172 2.46 1.35 0.43 0.04 Natural
KH110 120000 10 15 1659 1.86 1.14 11.06 0.54 Industrial
120000 10 15 148.5 1.13 1.69 0.99 0.08 Natural
KH111 120000 10 50 7330 4,91 1.06 14.66 0.26 Industrial
120000 10 50 835 0.85 0.21 1.67 0.05 Natural
KH112 120000 10 40 18308 4.02 1.12 45.77 3.76 Industrial
120000 10 40 292 1.26 1.28 0.98 0.07 Natural
KH113 120000 10 50 5510 3.68 1.05 11.02 0.25 Industrial
120000 10 50 505 1.49 1.22 1.01 0.03 Natural
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Figure 30: Distribution of the fundamental frequenckg$ through Al-Khobar City.
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Figure 31: Distribution of H/V Amplitude (A o) through Al-Khobar City.
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Figure 32: Distribution of the fundamental peridd)(through Al-Khobar City.
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Table 15: Results of Microtremor Measurements through Al-Dammam City.

Site No. of No. of Window No. of H/V Peak Standard Fundamental Standard Remarks

Code  samples windows length () cycles amplitude Deviation  Frequency (fj Deviation

(nw) (nd) (Ao) Q) 3

DM1 177184 25 50 375 3.3 1.8 0.3 0.02 Natural
DM2 150000 16 50 2480 2.21 1.18 3.1 0.53 Natural
DM3 120000 12 50 3492 2.53 11 5.82 0.35 Natural
DM4 210000 10 50 1535 1.92 1.15 3.07 0.59 Natural
DM5 180000 11 50 2002 2.17 11 3.64 0.88 Natural
DM6 156000 19 50 4332 2.7 1.17 4.56 0.43 Natural
DM7 156000 14 50 4200 2.4 1.16 6 0.46 Natural
DM8 191613 12 50 13260 2.3 1.13 221 1.48 Industrial

191613 12 50 618 1.48 1.35 1.03 0.07 Natural
DM9 150000 16 50 2480 2.22 1.19 3.10 0.53 Natural
DM10 258000 43 50 16770 2.66 112 7.8 0.35 Natural
DM11 120000 10 15 567 1.95 1.48 3.78 0.49 Natural
DM12 210000 18 50 15381 2.3 11 17.09 0.89 Industrial

210000 18 50 3600 1.77 1.13 4 0.58 Natural
DM13 180000 15 50 2850 2.44 1.14 3.8 0.30 Natural
DM14 150000 12 45 2457 3.15 1.13 4.55 0.52 Natural
DM15 203212 10 35 1890 2.99 1.25 54 0.94 Natural
DM16 150000 18 50 3600 2.53 1.16 4 0.71 Natural
DM17 180000 12 50 3168 3.39 1.14 5.28 0.25 Natural
DM18 180000 10 50 670 1.79 1.19 1.34 0.17 Natural
DM19 180000 10 30 84 5.9 1.36 0.28 0.04 Natural
DM20 180000 10 35 105 2.0 1.7 0.3 0.06 Natural
DM21 180000 16 50 3984 3.67 11 4.98 0.42 Natural
DM22 186000 10 40 120 2.3 15 0.3 0.03 Natural
DM23 1800 10 50 135 1.8 1.4 0.27 0.02 Natural
DM24 162000 10 40 120 3.9 2.3 0.3 0.03 Natural
DM25 120000 10 25 1250 3.29 1.18 5.0 0.69 Natural
DM26 120000 10 50 2535 3.14 1.12 5.07 0.51 Natural
DM27 120000 13 50 1931 2.43 1.12 2.97 0.37 Natural
DM28 162000 10 50 2470 3.64 11 4.94 0.39 Natural
DM29 120000 10 50 1315 2.45 1.17 2.63 0.37 Natural
DM30 132000 10 45 126 5.5 15 0.28 0.03 Natural
DM31 120000 10 45 3492 3.1 1.25 7.76 0.73 Natural
DM32 120000 10 50 3305 3.32 1.2 6.61 0.63 Natural
DM33 138000 14 50 3626 2.79 1.15 5.18 0.31 Natural
DM34 120000 10 25 1430 2.86 1.16 5.72 0.51 Natural
DM35 120000 10 40 2060 1.9 11 5.15 0.82 Natural
DM36 120000 12 50 9168 2.21 1.08 15.28 0.98 Industrial

120000 12 50 1020 1.25 1.13 1.7 0.087 Natural
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DM37 120000 10 35 1337 1.07 1.09 3.82 0.09 Natural
DM38 120000 10 50 1315 2.55 1.17 2.63 0.61 Natural
DM39 120000 10 45 1373 2.61 1.27 3.05 0.34 Natural
DM40 120000 10 50 1710 2.76 1.09 3.42 0.19 Natural
DM41 126000 14 50 2401 2.29 1.2 3.43 0.43 Natural
DM42 132000 10 35 1225 1.68 1.13 3.5 0.14 Natural
DM43 120000 15 50 2633 1.71 1.17 3.51 0.28 Natural
DM44 174840 20 50 5030 2.63 1.09 5.03 0.43 Natural
DM45 180000 16 50 2232 2.15 11 2.79 0.24 Natural
DM46 180000 10 50 2000 1.46 1.11 4 0.1 Natural
DM47 180000 10 50 1960 1.56 1.13 3.92 0.09 Natural
DM48 150000 15 50 2528 2.85 1.12 3.37 0.28 Natural
DM49 126124 10 50 1950 2.69 1.11 3.9 0.51 Natural
DM50 150000 15 50 2978 2.8 1.16 3.97 0.35 Natural
DM51 144000 15 50 2783 2.42 1.17 3.71 0.42 Natural
DM52 138000 10 50 2155 2.45 1.18 4.31 0.39 Natural
DM53 117655 10 40 1780 2.92 1.08 4.45 0.55 Natural
DM54 120000 10 50 500 1.29 1.2 1 0.11 Natural
DM55 150000 10 50 825 3.05 1.2 1.65 0.038 Natural
DM56 138000 10 40 620 1.25 1.4 1.55 0.096 Natural
DM57 120000 10 50 165 4.2 1.2 0.33 0.05 Natural
DM58 150000 10 50 800 1.33 1.15 1.6 0.03 Natural
DM59 120000 10 50 3850 4.19 1.11 7.7 0.55 Natural
DM60 150000 10 50 2570 2.94 1.15 5.14 0.55 Natural
DM61 150000 13 50 3471 2.54 1.14 5.34 0.47 Natural
DM62 150000 14 50 3990 3.18 1.14 5.7 0.14 Natural
DM63 120000 10 35 1782 1.39 1.14 5.09 0.1 Natural
DM64 126000 20 50 5260 2.36 1.09 5.26 0.76 Natural
DM65 120000 19 50 4950 0.92 1.08 521 0.13 Natural
DM66 120000 10 30 1200 1.5 1.32 4 0.1 Natural
DM67 120000 10 50 2930 2.88 1.07 5.86 1.17 Natural
DM68 119130 16 50 4000 1.9 1.1 5 0.87 Natural
DM69 120000 15 50 2828 3.66 1.1 3.77 0.17 Natural
DM70 120000 13 50 2555 3.6 1.12 3.9 0.23 Natural
DM71 120000 10 50 2260 2.99 1.13 4.52 0.72 Natural
DM72 120000 13 50 3328 2.46 1.13 5.12 0.49 Natural
DM73 120000 14 50 3794 2.14 1.11 5.42 0.61 Natural
DM74 120000 14 50 3325 1.45 1.09 4.75 0.83 Natural
DM75 119305 18 50 4437 2.29 1.11 4.93 0.54 Natural
DM76 120000 15 50 3675 1.22 1.13 4.9 0.12 Natural
DM77 120000 16 50 3728 2.4 1.12 4.66 0.75 Natural
DM78 117957 13 50 3465 2.42 1.1 5.33 0.33 Natural
DM79 120000 11 35 1964 2.1 1.19 51 0.68 Natural
DM80 120000 13 50 2529 2.12 1.11 3.89 0.27 Natural
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DM81 120000 10 45 1665 2 1.13 3.7 0.51 Natural
DM82 132000 15 50 3795 2.32 1.11 5.06 0.16 Natural
DM83 138000 10 45 1395 1.77 1.16 3.1 0.37 Natural
DM84 132000 10 50 140 3.76 1.58 0.28 0.03 Natural
DM85 120000 10 30 1515 2.52 1.15 5.05 0.89 Natural
DM86 120000 10 50 1330 3.15 1.22 2.66 0.34 Natural
DM87 120000 10 50 158 3.33 1.18 3.16 0.5 Natural
DM88 120000 14 50 3150 3.23 1.09 4.50 0.53 Natural
DM89 120000 13 50 3341 3.56 11 5.14 0.49 Natural
DM90 120000 14 50 2954 3.89 1.09 4.22 0.61 Natural
DM91 150000 10 25 1448 2.22 1.17 5.79 0.66 Natural
DM92 120000 10 50 6340 2.08 1.07 12.68 1.1 Industrial

120000 10 50 2000 1.4 1.13 4 0.1 Natural
DM93 144000 10 50 1860 3.08 1.09 3.72 0.22 Natural
DM94 180000 10 50 1910 1.63 1.16 3.82 0.54 Natural
DM95 117105 12 50 2220 1.52 1.11 3.7 0.49 Natural
DM96 115629 10 35 1341 2.8 1.15 3.83 0.24 Natural
DM97 115535 10 40 1496 1.89 1.14 3.74 0.35 Natural
DM98 120000 11 35 1448 2.27 1.19 3.76 0.25 Natural
DM99 120000 10 50 6635 2.3 1.06 13.27 0.27 Industrial

120000 10 50 2815 1.52 1.13 5.63 0.12 Natural
DM100 120000 16 50 3040 1.81 1.12 3.8 0.44 Natural
DM101 116668 13 50 4219 2.85 1.07 6.49 0.68 Natural
DM102 30000 10 20 1158 3.03 1.4 5.79 0.72 Natural
DM103 30000 10 15 2762 1.9 1.07 18.41 1.14 Industrial

30000 10 15 483 1.33 1.2 3.22 0.08 Natural
DM104 30000 11 15 774 1.96 1.29 4.69 0.79 Natural
DM105 26759 10 15 533 2.85 1.19 3.55 0.45 Natural
DM106 26475 10 15 552 2.72 1.17 3.68 0.43 Natural
DM107 36000 10 20 400 1.4 1.14 2 0.27 Natural
DM108 30000 10 15 804 1.98 1.3 5.36 0.58 Natural
DM109 30000 11 10 513 1.77 1.29 4.66 0.73 Natural
DM110 30000 10 10 306 1.79 1.42 3.06 0.58 Natural
DM111 96000 10 50 2035 2.7 1.11 4.07 0.5 Natural
DM112 90000 10 50 2010 2.34 1.15 4.02 0.49 Natural
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Figure 33: Distribution of fundamental resonance frequeRgyirf Al-Dammam

City.
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Figure 34: Distribution of H/V Amplitude (A o) through Al-Dammam City.
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Figure 35: Distribution of Predominant Perid@)(through Al-Dammam City.
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VI. 2 BOREHOLES GEOTECHNICAL DATA

Recent seismic code provisions have adapted site classificatimnava&rage
shear wave velocity and standard penetration results in thex @Pppm of a site as
the sole parameter for site classificatioBolcherdt, 1994; Borcherdt and
Glassmoyer, 1994; Dobry et al., 200The site conditions specified by IBC 2006
(Table 16 are identical to the provisions of IBC 2003, and practically rdjsish
soil profiles in the five main categories. Each category is assidaeirs
appropriate for the site conditions. The average shear wave velocitpoaethted
index measurements of the average standard penetration resistance to 3(B0) [(V
and N (30)] have been calculated in accordance with the folloagogtions, and

then used to develop categories for local site conditions.

:di

V_(30) -t
(30 "
IIlei

:di

N (30 |1
S T
1 N

Where \ is the shear wave velocity (m/s), M the standard Penetration

resistance (ASTM D 158-84) not exceeding 100 blows/0.3 m astlgimeasured
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in the field without corrections and i@ the thickness of any layer between 0 and

30 m.

Thirteen of geotechnical boreholes have been conductedDamimam City
and twenty-nine in Al-Khobar City, including the valuek standard penetration
resistance for different depth$able 17. Following this, the standard penetration
tests have been corrected and compensate field testing pe¢@kempton, 1986

according to the following Eq.;

N,, 16E C.C.N

where;
Neo = standard penetration test N value corrected for field testing
procedures
E., = hammer efficiency (for U.S. equipment, i§ 0.6 for a safety
hammer and 0.45 for a doughnut hammer)

Cy, = borehole diameter correctiony(€ 1.0 for boreholes of 65-11Hm
diameter, 1.05 for 150-mm diameter, and 1.15 for 200- mm diameter
hole).

C; = rod length correction (G 0.75 for up to 4 m of drill rods, 0.85 for 4 to 6



138

——
| —

m of drill rods, 0.95 for 6 to 10 m of drill rods, 1.0 for drill rods in excess

of 10 m)

N = measured standard penetration test N-value.

After this procedure, the shear wave velocity has been calculsitegl the
extrapolation method entitled "extrapolation assuming conhsvaocity "as
proposed byBoore (2004b¥or boreholes of less than 30 m depth. Accordingly, the

values of shear wave velocities ranges from 2600 m/s Table 1§.

Table 16: IBC 2006 site class definitions using the average shear wave viéjyoc

and the average standard resistance up to 30 QC 2006).

Site Soil profile name Average properties in top 30m
class S-wave {(m/s) SPT N (blows/0.3 m
A Hard rock Vs> 1500 N/A
B Rock 760 <\, " N/A
C  Very dense soil and sof 360 <\; ” N > 50
rock
D Stiff soil profile 180 <\ ” 17

E Soft soil profile V<180
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After the estimation of shear wave velocities, the fundamental fmegue

values (k) can be identified at each borehole site. Using the following equation;

Foz &4 h

Where,

1 = the shear wave velocity in the surficial layer

h = the thickness of the surficial layer

Accordingly, resonance frequencies from boreholes are preseniebla 17
andFigure 36.0n the basis of these frequencies, Al-Khobar City can be diviide

three zones as follows:

Zone 1:has resonance frequency betw8éeiv and1.07Hz.
Zone2:has resonance frequency betwédiv and1.23Hz.

Zone 3:has resonance frequency betwéetBand1.95Hz.

The spectral amplitudes gAare then calculated using the equatiorBobchert et al.
(199)) as follows;
AHSA = 700/,
Where,
AHSA = average horizontal spectral amplification

V. = average shear wave velocities up to a depth of 30 m (m/sec.)
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Accordingly, the estimated values of amplification factog)(Are presented in
Table 17andFigure (37),while Figure (38)illustrates the predominant periods in
Al-Khobar City. Based on the values of resonance frequencies from boreholes

(Table 18andFig. 39),Al-Dammam City can be divided into four zones as follows:

Zone 1:Characterized by a resonance frequency bet@esnd3.9 Hz.

Zone2:Characterized by a resonance frequency betwésmnd5.1 Hz.

Zone 3:Characterized by a resonance frequency betwessnd6.3 Hz.

Zone 4:Characterized by a resonance frequency betwessnd7.0 Hz.

The estimated values of amplification factorAlrDammam City (R) are
presented iMTable 19 and Figure 4@hile the predominant periods are presented in

Figure 41.

V1.3 THE SOIL CLASSIFICATION (V s39 MAPS

The vertically averaged shear wave velocity to 30 myg(Vcomputed by
dividing 30m by the traveltime from the surgace to 30m, leoine a widely
used parameter for classifying sites to predict their potentiahtplify seismic
shaking Boore, 2004 and is now adopted in recent building codéslerty et
al, 2000, BSSC, 2001and loss estimation. The classification of saiprofile
types based on Mgncluded in the NEHRP building code is also a part of the

International Building Code adopted in 200&E, 2002 (Table 16.
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The griding algorithm was selected so as to preserve originahddtproduce
minimum artifacts, if any, in accordance with the extensiverreat presented by
Reuter et al. (2007pn various methods to interpolate missing data in thetl8hut

Radar Topography Mission (SRTM) spatial datasets.

Accordingly, the calculated values of shear-wave velocities ranges from 106 -
577 m/sec in Al-Khobar City and matched well with C, D and E eta$3g. 42).
This suggests that, the southern districts of Al-Khobar City have lgedebck rather
than the eastern and coastal districts. While, averageaviges from 200-500 m/sec
in Al-Dammam City which fall in C and D classdsid. 43) according to the IBC.
Accordingly, the southern districts of Al-Dammam City havedymndation layer

rather than the eastern and coastal districts.
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Table 17: Results of the Microtremors at drilled boreholes in Al-Khobar City.

Site Code No. of No. of Window No.of H/V Peak Standard Fundamental Standard Remarks

samples windows length cycles amplitude Deviation Frequency Deviation
(Nw) (lw) () (Ad) () (Fo) ?
BHO3 30000 11 15 1.56 1.11 24.01 2.90 Industrial
30000 11 15 0.84 1.14 1.81 0.09 Natural
BHO4 30000 10 15 2.50 1.26 12.60 0.69 Industrial
30000 10 15 1.25 1.24 1.04 0.06 Natural
BHO5 30000 10 09 3.48 1.14 35.40 1.42 Industrial
60000 10 09 0.86 1.47 1.19 0.08 Natural
BHO6 60000 11 30 2.60 1.20 8.44 0.64 Industrial
30000 11 30 1.44 1.52 2.00 0.06 Natural
BH 07 30000 10 15 - - - - No Industrial
60000 10 15 1.23 1.21 1.00 0.22 Natural
BHO8 60000 13 15 2.25 1.25 9.06 1.30 Industrial
60000 13 15 1.68 1.60 01.17 0.10 Natural
BHO9 60000 12 30 3.45 1.14 7.10 0.484 Industrial
60000 12 30 1.11 1.36 1.71 0.05 Natural
BH10 60000 12 30 1.73 1.08 21.15 0.77 Industrial
60000 12 30 1.23 1.15 1.20 0.07 Natural
BH11 60000 10 15 1.69 1.17 47.76 4.45 Industrial
60000 10 15 1.28 1.82 0.91 0.10 Natural
BH 12 60000 12 25 2.20 1.05 42.64 1.33 Industrial
60000 12 25 0.96 1.31 0.96 0.08 Natural
BH13 60000 11 25 1.87 1.21 39.11 2.81 Industrial
60000 11 25 1.40 1.15 01.01 0.07 Natural
BH14 60000 12 20 6.49 1.11 37.83 1.25 Industrial
30000 12 20 1.84 1.21 00.98 0.06 Natural
BH15 30000 10 15 4.17 1.63 6.12 0.74 Industrial
60000 10 15 1.20 1.24 1.73 0.08 Natural
BH16 60000 10 30 1.69 1.14 1.57 0.10 Natural

16 30 1.18 1.40 1.67 0.08 Natural
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BH18 20000 11 50 - - - - No Industrial
120000 11 50 3.80 1.09 3.93 0.39 Natural
BH19 60000 11 30 4.07 1.16 4.38 0.20 Industrial
60000 11 30 1.33 1.17 1.57 0.08 Natural
BH20 60000 10 30 -- -- -- -- Industrial
60000 10 30 2.89 1.17 3.57 0.60 Natural
BH21 60000 11 20 3.14 1.06 25.20 0.55 Industrial
60000 11 20 1.68 1.18 2.00 0.45 Natural
BH22 120000 15 50 -- -- -- -- No Industrial
120000 15 50 1.68 1.18 2.00 0.45 Natural
BH23 60000 10 30 191 1.03 5.25 0.49 Industrial
60000 10 30 1.72 1.36 2.98 0.08 Natural
BH24 60000 12 40 4.25 1.21 5.05 0.07 Industrial
60000 12 40 1.86 1.17 2.00 0.06 Natural
BH25 60000 12 20 -- -- - -- Industrial
60000 12 20 2.45 1.27 3.15 0.62 Natural
BH26 60000 16 30 -- -- - -- Industrial
60000 16 30 2.40 1.09 3.29 0.35 Natural
BH27 60000 12 30 2.48 1.07 17.15 0.52 Industrial
60000 12 30 0.97 1.26 1.60 0.06 Natural
BH28 60000 12 30 2.80 111 22.66 0.29 Industrial
60000 12 30 1.04 1.26 0.96 0.09 Natural
BH30 30000 11 30 -- -- -- -- Industrial
30000 11 30 1.21 3.61 0.38 Natural
BH31 79630 12 20 3.37 -- -- -- No Industrial
79630 12 20 -- 1.20 3.58 0.29 Natural
BH32 60000 12 15 2.35 -- -- -- No Industrial
60000 12 15 2.91 1.19 291 0.49 Natural
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Table 18 : Results of the conducted geotechnical boreholes in Al-Khobar city.

No. Borehole Name Vo Vi To Fo Ay, NEHRP-class
(s) (Hz)
BHO1 Al-Mamoon Primary School 136 236 0.76 1.32 1.40 D
BHO02 Jabber Bin Hayan School 300 366 0.65 1.53 1.61 C
BHO3 Al Tabri School 160 171 0.8 1.25 1.20 E
BHO4 Al Fahad Tower Building 88 153 1.05 0.95 1.27 E
BHO5 Abdurrahman Bin Al Qasim School 222 229 073 14 1.04 D
BHO6 King Abdullah /King Abdulaziz Interchang 125 236 1.17 0.9 1.28 D
BHO7 King Abdullah /King Abdulaziz Interchang 250 277 0.81 1.3 0.94 D
BHO8 Al Zajil for Realestate Investment Est. 308 345 1.02 0.97 1.31 D
BHO09 King Abdullah /Makkah Interchange 500 577 1.01 0.98 1.97 C
BH10 King Abdullah /Makkah Interchange 375 405 1.03 0.96 1.66 C
BH11 Water Front Project , Sport Hall 375 379 1.01 0.98 1.87 C
BH12 King Abdullah /Makkah Intersection 303 326 1.01 0.98 1.72 D
BH13 King Abdullah /Makkah Intersection 161 150 1.06 0.96 1.18 E
BH14 Al Oula Tower , PhaseB 108 152 3.37 0.35 2.00 E
BH15 Dar Ghassan Consultants 118 121 122 1.2 1.22 E
BH16 Tamimi Safeway 82 136 3.2 0.34 1.62 E

BH17 Al Oula Tower , PhaseA 95 154 125 1.01 1.08 E




[ 15 ]
BH18 Al-Mana Tower (Hospital) 66 106 1.23 0.82 1.08 E
BH19 Jasim Al Gawahmed Engineering Office 242 303 0.69 1.49 1.06 D
BH20 Accuracy & Innovation Est 327 492 0.52 195 1.68 C
BH21 Abdurrahman Al Dable Est 214 268 0.61 1.73 158 D
BH22 Abdurrahman Al Siekh 87 122 24 0.53 1.40 E
BH23 Building Eyes General Cont. Est 66 140 285 0.51 1.63 E
BH24 Al-Nahdi Realestate Group 104 167 3.8 0.27 1.89 E
BH25 Abdullah A.M.Al-Khodari & Sons Co. 241 268 1.17 0.86 1.02 D
BH26 Girls School 204 236 0.82 1.29 1.13 D
BH27 Anmatt Al Amar Construction Co.Ltd 120 129 3.61 0.3 1.59 E
BH28 Mosa & Sultan Sons of AbdulAziz Al-Mosi 94 116 3.28 0.32 1.69 E
BH29 Al Sharq Architects & Design 96 142 3.73 0.29 1.92 E

Where; \4,. Shear wave velocity /oI Natural period/ § Fundamental Frequency/

Ao. Relative Amplification
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Figure 36: Distribution of the fundamental frequencle$ from boreholes in Al-

Khobar City.
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Figure 37: Distribution of (4 from borehole measurements in Al-Khobar City.
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Figure 38: Distribution of the fundamental peridd)(from borehole measurements

in Al-Khobar city.
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Table 19: Results of the collected bore-hole data through Al-Dammam City.

No. Borehole Name Vo To Fo Ao NEHRP-class
(s) (Hz)
DB1 Al Zahour school 280 128 4.0 25 D
DB2 Al Maarif Primary School 360 0.22 46 1.9 C
DB3 Yazeed Al-Shibani Prim. Schoac 363 1.60 5.0 1.9 C
DB4 Girls School 500 0.28 36 14 C
DB5 School 350 0.26 3.8 2.0 D
DB6 38 Primary School girls. 448 0.27 3.6 1.6 C
DB7 Girls School 233 0.17 5.7 3.0 D
DB8 General Girls Education 500 0.15 7.0 14 C
DB9 Girls School 233 0.26 3.8 3.0 D
DB10 Zaid Bin Al Khattab School 435 0.18 54 1.6 C
DB11 Intersection 260 0.29 35 27 D
DB12 Intersection 388 0.53 28 1.8 C
DB13 Civil Defence. 350 0.20 5.0 2.0 D

Where; \4,. Shear wave velocity;
To : Natural period;
Fo: Fundamental Frequency, and

Ao Relative Amplification
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Figure 39: Distribution of the fundamental frequencle$ from boreholes in Al-

Dammam City.
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Figure 40: Amplification (4) from borehole measurements in Al-Dammam City.
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Figure 41: Fundamental periotlf from boreholes in Al-Dammam City.
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Figure 42: Shear-wave velocity through Al-Khobar City.
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Figure 43: Shear-wave velocity through Al-Dammam City.
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VIl. 4 THE DEPTH TO THE BEDROCK MAPS

The depth maps of the bedrock throughout the Al-DammamAdiichobar

cities have been producdéigs. 44 and 4Bespectively).

Figure 44: Depth map to the bedrock in Al-Dammam City.
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Figure 45: Depth to bedrock throughout Al-Khobar City.
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VI. Seismic hazard Assessment

Seismic hazard in terms of Peak Ground Acceleration, for the eastern province
of Saudi Arabia has been assessed using the estimated attenuatsactean I11). It
Is noticed that, the values of PGA are not the effective parameter fagoam
potentiality effect at Al-Dammam and Al-Khobar cities. But theedominant
frequency and/or periods at the local site are the main effective parachetdosthe
small values of PGA from the distant earthquakes of Zagromegenic source.
Hence low-rise buildings can vulnerability seismic sources nearhwhile high-rise
buildings are affected ground vibrations from distant earthguakeerefore, we
strongly recommend monitoring and analyzing the digital dscaf Zagros
earthquakes at these cities and especially their frequency corttentwill greatly
support in the improvement of Saudi Building Code to mitigja¢eearthquake risks

for the high-rise buildings in the eastern province of Saudi Arabia.
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VII. DISCUSSIONS AND CONCLUSIONS

Microtremors resonance frequency and spectral amplitude ratios hawe be
calculated and applied as an aid to perform earthquake hazardzaniog in
densely populated areas of Al-Khobar City. For this purpose treonors data at a
grid pattern have been accumulated over the region of interesiréduand twelve
measurements of microtremors were recorded to produce a distributiofomtbe
predominant frequency of site response. The horizaotadrtical spectral ratios
obtained from microtremors (Nakamura technique) proved to be a valoabl® t
determine frequencies of great and small thickness of soft witis multilayer
distribution and linear behaviors. A good correlation heenlbobserved between the
microtremors and boreholes results both in terms of fundamentatfreigs and the

amplification levels.

Furthermore, the fundamental resonance frequencies determined by preser
study are correlated well with the thickness of the sediments in Ab&hity. The
sediments are thick in the northern part (where site responseaspduibit peaks at
0.33 - 1.03 Hz), while they are thin in the southern part of tlye(predominant
frequency of site response at 1.231.73 Hz). This behavior indicates horizontal

variations both in the thickness and type of sediments.

Accordingly, Al-Khobar City can be differentiated into three zorssmdable

20, while Al-Dammam City divided into four zones asliable 21
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Table 2: Comparison between the §from microtremors and boreholes in Al-

Khobar City.

Zone Microtremor Measurements Borehole Measurements

No. (H2) (H2)
Zone_1 0.33 4.03 0.27 £1.07
Zone 2 1.03 £1.23 1.07 £1.23
Zone_3 1.23 +1.73 1.23 £1.95

Table 3: Comparison between Microtremors and boreholes in Al-Dammam

City.

Zone Microtremor Measurements Borehole Measurements

No. (H2) (H2)
Zone_1 0.3 £3.9 2.8 £3.9
Zone 2 3.9152 39151
Zone_3 5.2 +6.5 5.2 +6.3
Zone_4 6.5 +7.8 6.4 +7.0

Site amplification for Al-Dammam and Al-Khobar cities indicate thassman
amplify ground motion by as much as 5.5 times its bedrock leval-Dammam
city and 2.5 times in Al-Khobar city. This is applied for different s@ksks, where,
all sites with resonance frequencies of engineering interest. The relatweehet

resonance frequency and amplification represents the alarming conditicspilhat
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having resonance frequencies of interest can amplify earthquake ground astion
much as 5.5 times. It is indicated that, the amplification is geneladiseasing with
increasing frequency. The obtained values of amplification are in agreement with the
surface geology of the study area. Higher H/V values occupy the northern part of Al-
Khobar City due to the presence of coastal deposits and Sabkhah ssdifient
lower values are encountered in the southern parts of the city. Thisoramathe

H/V values also reflects variation in sediments thickness.

Al-Dammam urban area presents the fundamental resonance frequencies rang
from 0.3 to 7.8 Hz. Considering the relationship between the heighiwlding and
its fundamental period of vibration can be expressed as T= (number of storeys)/10. I
can expect that in this urban area the natural frequency of the soil maehes t
frequency of buildings witht 1 sorey Fig. 46 ). On the other hand Al-Haddad
(Personal Communications) indicated that site response frequenciesaled9 tHz
are of engineering concern for 1 storey reinforced concrete structures. Al-Khobar
City attains fundamental frequencies in range between 0.33 and 1.73 Hz. This mean
that, in Al-Khobar urban area the natural frequency of the soil matchgshml
frequency of hildings with t 5 storeys. Most of the urban area characterized by
low-rise buildings and the frequency of the soil cover can be closeeio th
fundamental frequency of vibration. According Rarolai et al., (2006)when the
fundamental frequency of vibration of a building is higher thanttreatundamental

frequency of soil § it may, however be close to the frequency of higher modes.
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Higher modes are expected at frequengiesf Q IR ZKHUH Q ,is «
the fundamental frequency. The H/V spectral ratio provides the lower frequency
threshold from which ground motion amplification due to soilt san be expected.
Therefore, it cannot exclude that in Al-Dammam urban area, such soil aatpbih

of ground motions may also occur at higher mode frequencies closketo t
fundamental frequency of vibration of low-rise buildings, even i§ ismaller than

that at the fundamental frequency of the sedimentary cé&aolai et al., (2006

Figure 46: Fundamental frequency of vibration of the buildings vensonber

of storeys in Cologne area, Germamaxolai et al., 2006

Based on Vs map of Al-Dammam city Kig. 42, the soil profiles of Al _

Dammam city have NEHRP classes C and D characteristics. Accdalifigble
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(22), C class soil profile represented by very dense solil to softwahka moderate
anplification of earthquake ground motion. Districts of Aludh Al-Khalij; Al-
Nakhil, Ibn Khaldun have soil of class C. In addition mdsAbJallawiyyah, Al-
Badiyah, and Madinat Al-Umal districts fall in class C soils. WherBastricts of
Al-Amamirah; Ar-Rabi; As Suq; Al-Qazzaz, Al-Adamah, Muhammed Ibn Salid
in class D in addition, the rest areas of Al-Jallawiyyah ana&aidistricts. Class D
represented by stiff soil profiles that induced significanpléoation of earthquake

ground shaking.

Al-Khobar city Fig. 43 illustrates classes E, D, and C soil profiles constitute
the surface soil of Al-Khobar city. Class E is represented byssdfprofiles with a
higher amplification of earthquake ground motion. The eastermicthsiof Al-
Khobar asAl-Khobar Al-Shamaliah; Al-Yarmuk; Al-Kornaish; and Al-Bandaxi
having class E soil profiles. The soils of districts dflAaya; Al-Agrabiyyah;
Madinat Al-Ommal; Al-Khobar Al-Janubiyyah belong to class (hiM/the districts

of Al-Hada; and Al-Hizan Al-Akhdar districts having soils prefilof class D.
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Table 22: Geotechnical Site CategorieBfay and Rodriguez-Marek, 1997

The distribution of \, for Al-Khobar and Al-Dammam cities (Figs. 42 and
43) and the depth of bedrock (Figs. 44 and 45), indicate that, éhereverse
relation between depth to pedrock and;pMwvhere increasing depth generally
corresponds to lower 3 There is an almost exact direct correspondence between
the Vi3 distribution for Al-Dammam and Al-Khobar cities and thetmlsition of
fundamental resonance frequency for these cities, where soils of lgahdws also
low resonance frequency and vice versa. This is clear from figures (46 and 47) wher
there is a strong exponential correlation (83%) betwee &d fundamental
frequency for Al-Dammam city and (75%) for Al-Khobar city. These ratatican
be used to obtain the soil fundamental resonance frequengy, iE\Kknown. But the

resonance frequency presents an inverse relation with the bedrock depth.
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CONCLUSIONS AND RECOMMENDATIONS

It has been noticed that parameters for site effects are remarkably. robus
Comparison of the two neighboring points reveals that differeinceée location of
the fundamental frequencies and amplification levels are smédlltlan general
shapes of two horizontal components are similar. These findggsficantly
increase the reliability of the obtained information and emph#és&zenportance of

a densely laid observation points in microzoning studies.

The results of both microtremor and boreholes measurements are in
agreement, reflecting the ability of Nakamura method for microzonindiest,
especially through the densely populated cities as Al-DammaimAkKhobar in
Saudi Arabia. The dominant frequencies and amplification map&lfishobar City
can be are pre-requisite to get knowledge about future earthqoekariss in the
area. As important documents, these maps can also help the gewmtsrnim set
priorities in managing land uses, enforcing building codasdacting programs for
reducing the vulnerability of existing structures and plannfog emergeng

response and long-term recovery.

The results described in this study are strongly recommendingeatidn of
this type of microzonation investigations for seismic hazard assessmemrpatts
of Saudi Arabia using the microtremors data and site respons@ofhs It is,

therefore, strongly recommended that the outcome from present study isbasleld
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as a guide to estimations the earthquake losses and retardrios. The other

functions are presented for reference and information purposes only.

Based on the experience gained from the present study, it is recdetinen

that;

1. OLFURWUHPRUY PHDVXUHPHQWY L@ WRPELTDHV LR
powerful tool to map sedimentary cover layers. In the regions ohamk
basement morphology, such a procedure may be a way to qoltkly a general
idea of the subsurface structure.

2. As demonstrated in this study, the site response variatiensigmificant over
very short distances, thus, strongly suggesting that egiimat earthquake loss
scenarios should be based on the site response functianseobover a relatively
dense grid of measurement points.

3. It should be realized that the applicability of the Nakamura tgaenheavily
depends on the amount of data. Analysis of ambient seismse ®ncounters
significant limitations primarily associated with the greaariability of
interfering sources of seismic energy. It is, therefore, essentiabtotor the
microtremors for a number of hours, sometimes preferably during differarg ho
of the day, to increase the chances of selecting the appropriatevitrtiows (of
only 30 sec) that are used in the analysis. The reliable geophysiestigations

it can be said that quantity is a necessity to achieve quality.
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