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ABSTRACT

This Final Report (Part 1-main Report and Part 2- Appendices) of the research
project AR-14-77 culminates the study reported earlier in six progress reports. The study
was mainly atmed at site-specific seismic zonation of selected cities located on the western
coast of the Kingdom of Saudi Arabia (KSA). These cities are Hagl, Yanbu, Jeddah, Jizan,
and Al-Wajh. The investigations made for the study included: a) Collection of geotechnical
data of soil tests in the cities of Yanbu, Jeddah, and Jizan, b) Drilling of 5 boreholes for
soil investigations and standard penetration tests in each city of Hagl and AlWajh, ¢)
Vertical Electrical Sounding (VES) measurements at 5 sites in each city to define the
groundwater and bedrock depths, and d) Shear wave velocity (SWV) profiling at 8-14 sites

in each city.

The anaiytical part of the study involved systematic incorporation of earthquakes,
geotechnical and peophysical data into development of the seismic site-specific
parameters. These included, definition of the site-soil profiles and the corresponding
seismuc coefficients which are related with the seismic zone of the respective city and
liquefaction potential. The prevalent soil profiles of the cities studied can be described as

follows:

Majority of the tested sites in both Haql and Al-Wajh, and all tested sites in both
Yanbu, and Jeddsh, were classified as very dense soils and soft rock profiles with seismic
site-30il category SC. The seismic coeflicients which are associated with the seismic zone
of the respective city were suggested accordingly. Al sites tested in Sabkha terrains in
Jizan, as well as one Jocation each in Haql and AlWajh were found to be susceptible to
liguefaction. Therefore, seismic coefficients recommended for these sites were based on
site-soil categery SE rather than soil category SD as determined solely based on SWV
results. These coefficients were recommended for standard buildings. However, the
buildings which are classified as special or essential in the seismic design code, require

geotechnical site-specific evaluation, to check for softer soil category (SF).

The main cutcome of this study 15 the consistence of the resulis with the current trend of
definition of soil-site categories for seismic design. It is believed that the outcome of this
study can be considered as an initial step toward the seismic microzonation of the cities
studied. Experts in many countries consider the seismic microzonation mapping based on
site-specific soil conditions as the most essential element for their urban land use

management plans and seismic nsk reduction programs.

ix



CHAPTER 1

INTRODUCTION AND PREVIEW

This Introductory Chapter highlights the significance of the project, objectives, and
the major elements of the methodology of the study.

Building design codes have long recognized the effects of Site-Soil conditions on
design ground motion. Experience and knowledge gained over the past 20 years indicate
that there were significant deficiencies and limitations in the old site categories and
coefficients such as those of the 1994 Uniform Building Code (UBC 94)[1] and 1991
provisions of NEHRP (2}). In the recent versions of these codes, soif site provisions have
been subjected to significant evolution, not only on the definition of the site class but also
on its associated coefficient. But such recent provisions are based on difficult and costly
field geotechnical and geophysical measurements of soil site characteristics. Furthermore,
such measurements need to be conducted by experienced and well-equipped staff This
requirement of experienced staff along with the high cost of mobilization of equipment
make determination of soil profile class of individual sites very difficult or even
prohibitive in some cases. The site-specific seismic zonation (microzonation) has therefore
been recognized as the most approprate and economical solution for site categorization,
Experts in many countries consider the seismic microzonatin as the most essential element

for their urban land use management plans and seismic risk reduction programs.

The idea of this study is to initiate and explors the concept of the seismic
microzonation of selected cities in the Kingdom of Saudi Arabia (KSA). Efforts of the
study involved systematic geotechnical and geophysical field tests. The results were
generally formulated to be consistent with the current trend of defimtion of Soil- Site
categones. An equally important outcome of the study is the gained experience and
mobilization of advanced equipment. This 1s considered an cssential step for further siudies
in this area, that are needed for updating the seismic design criteria proposed for KSA and
furnishing the essential data for evalvation of the seismic performance of existing

buildings.



1.1 OBJECTIVE AND SCOPE

The scope of the study was limited to five cities on the western coast of the Kingdom.
These citles are Hagl, Yanbu, Jeddah, Jizan, and Al-Wajh. In each city, the following

abjectives were accomplished.

&) Characterizing soil profiles and assessment of the dynamic soil properties, that
meludes a vast site characterization database of shear wave velocity (SWV) profiles
to depth reaching 50 m,

b) Evaluation of the potential of amplification of the seismic response of the ground
and the associated soil site coefficients. Site coefficients will be defined in terms of
the mean shear wave velocity in the upper 30 m of the soil profile according to the

recent trend of provisions on effect of local site conditions on ground motions.

c) Evaluation of the liquefaction potential,
1.2 SITE SELECTION FOR FIELD WORK

Although sites were selected with a principal objective of covering different soil
types in cach city, accessibility of the field equipment, and availability of open and level
surface influentced the final selection of the sites, Locations and geographical co-ordinates
of the selected sites in the cities of the study are tabulated and located on maps of the cities

in Appendix A.
1.3 METHODOLOGY

1.3.1 Execuotive work

The major tasks executed to achieve the objectives of this project were
comprehensive literature reviews on state-of-the art-methods to measure shear wave
velocity and methods for evaluation of the liquefaction potential, analyzing the collected

geotechnical data and conducting field tests.



1.3.2 Field tests

a) Soil investigation: The ficld explorations were assigned to a local geotechnical

firm. The. scope of the fieldwork was outlined in detail by the research team. The contract

provisions inciude:

1) Standard Penetration Test (SPT} in accordance with ASTM D-1586 [3] at 1.5 m
intervals or at every change of stratum.

2) Collection of disturbed soil samples by means of split barrel sampling procedure.

3) Laboratery tests to evaluate the basic physical properties of the various materials
that underlie each site.

All data obtained from the fiekdwork is presented on the drilling logs in Appendix
B. Sieve analysis was conducted to determine the grain-size characteristics of selected soil

samples, Gradation curves and classification are presented also in Appendix B.

b)  Xertical Flectrical Sounding Investigationy Vertical electrical sounding (VES)

work was cartied out to evaluate the depth to bedrock and indicate the water level An
Schlumberger sounding technique was utilized with a half current electrode separation
extended up to 400 m. This means that the investigation maximum depth was about 60 m.
The field data was interpreted by using the Schlumberger automatic interpretation program.

The methodology and results are presented in Chapter 3 of this report.

¢) Shear wave velogity: The Controlled Source Spectral Analysis of surface waves
(CXW) explained in detail in appendix D is employed in the project for measurements of
(5WV). The {CXW) has been recogmzed as a relatively non-invasive and cost-effective
approach to obtain SWV data [4]. The CXW technique measures the dispersion of
Rayleigh waves produced by means of a controlled vibrator, using accelerometers and a
digital data processing unit. The electromagnetic, 700 kg source is made to vibrate with a
periodic random signal produced by the signal analyzer and amplified by a 20 Amp power
amplifier. The signal has a flat spectrum over the frequency range considered. The system
produces Rayleigh waves in the range of 3 to 100 Hz with a wavelength of up to 59 m.
During the test the velocity of the components of the wave is obtained by measuring the
phase of the cross power spectrum between two receivers located at given distances from
the source. The velocily is obtained from the phase lag and the distance between receivers.
The typical spacing used is 1, 2, 5, 10 and 15 m, and frequencies are between 3 and 100
Hz. From the test data and further analysis it is possible to determine the SWV profile of a

site typically to a depth of 30 m. Field measurement are presented m Appendix F.



CHAPTER 2

LITERATURE REVIEW

2.1 CURRENT TREND OF SITE-SOIL PROVISIONS IN THE
DESIGN CODE

It has long been recognized that the effects of site-soil conditions on design ground
motion should be considered in earthquake resistant design of building. Building design
codes generally take into account the effect of local site conditions on the design ground
motion by introduction of a “site coefficient”. This to modify basic design response
acceleration parameters determined for firm rock sites to appropriate values for other site
conditions. In most international and old editions of US codes a single site coefficient is
assigned for each site class. In ATC-3-06 [5] the site coefficient (S) associated with the
three site classes of S1, 82 and §3 were respectively 1.0, 1.2, and 1.5, In NEHRP (2], UBC
(6], and UBC [1], and based on experience gained form 1985 Mexico City Earthquake, a
fourth site class, “S4” was added with a site coefficient of 2.0, In the recent versions of
these codes, soil site provisions have been subjected to significant evolution, not only on
site class definiion but also on the associated coefficients. Experience and knowledge
gained from 1985 Mexico City and 1998 Loma Prieta earthquakes was the major factor

promoting the need for improvement in codifying site effects.

Strong motion data from 1989 Loma-Prieta carthquake and extensive geotechnical
investigations have yielded new definitions for site classes and the accompanying
empirical amplification factors (Boore and Joyner [7], Borcherdt [8]). In their regression
analysis for the prediction of site-specific response spectra Baore et al. [9] have classified
the sites into four groups on the basis of average shear wave velocity, Vs (m/s), in the top
30m. Site class A has Vs>750 m/s, B between 360-750 m/s, C between 180-360 m/s and D
less than 180 m/s, Similar site classes have alse been propesed by Borcherdt [8]. The
amplification potentials of these site classes are low to very low (A); low to intermediate
(B); intermediate to high {C), and lgh to very high (D). Such shear-wave velocity based

site classification 15 the current methodology in recent earthquake resistant design codes..



Boore et al. [9] have used the sitc categorization A, B and C, delineated on the basis of
average shear wave velocity ranges, to model the site variations in their regression analysis
to estimate the Pseudo Spectral Velocity (PSV) from the western North American strong-
motion data. This regression analysis can be used for the mapping of the spectral
amplitudes at specific frequencies. Borcherdt [8] has described the amplification capability
of the four site categories and obtained the associated Average Horizontal Spectral
Amplification (AHSA) factors from Loma Prieta earthquake strong-motion data. The
AHBSA represents the average spectral ratio between the horizontal ground motion at a site
with respect to a nearby rock site, and in general, can be expressed as the ratio of the
average shear wave velocity of a reference site (Vo) to that of the given site {Vs) raised to
some power: AHSA =3D (Vo/Vs)"M. The ASHA increases with decreasing average shear
wave velacity, and especially at sites with soft soils, this increase is less for short period

motion than other period ranges.
2.2  DEFINITION OF SOIL-SITE CATEGORIES

Rinne [10] presented a state of knowledge paper on the site coefficients for
building codes in United States of America (USA} The paper outlines deficiencies and
limitations of the old site categories and coefficients of the Uniform Building Code (UBC

94)[1]. Experience and knowledge gained over the past 20 years indicate the following;

s The old site catepories are not well defined,
¢ Old site coefficients do not apply to short period amplification,

» Categories do not correspond to lopical breaks in site coefficients revealed by

recent research,

e Old site coefficients do not account for the non-linearity of site response with
varying input motion,
» Defimtions of site categories leave considerable room for interpretation that in

many cases places & site in an inappropriate category.

The paper also outlings the evolution of development of new site coefficients from data
and rescarch through a workshop sponsored by the following scientific agencies (in USA).

1 NCEER, National Center for Earthquake Enginesring Research,
2. SEAOC, Structural Engineers Association of California,
3 BSSC, Building Seismic Safety Council.



The NCEER/SEACO/BSSC Workshop integrated the research efforts into the
proposed new code provisions and was thus a landmark meeting in the development of
new site coefficients. The workshop was held in November 1992 at the University of
Southern California in Los Angeles, with a wide representation of over 65 geoscientists,
geotechnical eagineers, and structural engineers. R.D. Borcherdt, R. Dory, and R B. Seed
presented draft proposals for new sitc coefficients at the workshop. The resulting
coefticients were found to be similar in each proposal. These proposals were merged at the

workshop into a consensus proposal for the 1994 update of the NEHRP 1991 provisions
[1]. Site categories were generally defined in terms of the mean shear wave velocity, Vg,
in the upper 100-ft of the soil profile based on the empirical relationship by Borcherdt’s
[9]. Vg is considered as the main definition of the site categories and shall be used if it is

available. The new site categories have been incorporated in NEHRP provisions since
1994 [11] with more detailed geotechmcal definitions. In recognition of the fact that in
some cases ¥y is not available, alternative definition in term of standard penetration
resistant (N} and undrained shear strength (S,) are included. The new site categoties of
NEHRP provisions are adopted m UBC97 [13] as shown in Table 2.1, They are also
adapted in the final draft of the International Building Code 2000 (IBC 2000) [13] as

shown in Table 2.1.

Table 2.1 NEHRP Soil Profile Type Classifications

AVYERAGE S0I1L PROPERTIES IN TOP 30 m.
Site Soil Profile
Class Name Soil Shear Wave SET.N Unconfined Sotl Shear
Velocity, Vs (m/fs) ! Strength, 8, (kPa)
Hard Rock = 1,500 not applicable not applicable
B Rock 760 to 1,500 not applicable not applicable
Very Densc
C Soil and Soft 360 to 760 =3 > 100
Rock
D Shiff Saal 180 to 360 15 to 50 S0 to 108
B Soft Soil < 180 <15 < 5()

1-Liquefiable soils, quick and kighly sensitive clays, collapsible weakly cemented soils
2-Layers of peats and/or highly organic clays with thickness (H)y of more than 3 m_

F 3-Very high plasticity clays (PI= 75) with H = {& m)

4-Vory thick, soft/medium staff clays with H > (36 m}




Table 2.1 indicates that Sy soil profile requires site-specific evaluations. The criteria

prescribed for the required evaluation are as follows:

- Solls vulnerable to potential failure or collapse under seismic loading such as liquefiable

s0ils, quick and highly sensitive clays, and collapsible weakly cemented soil,

- Peats and /or highly organic clays of thickness B =3 m.

- Very high plasticity clays (H >8m, with PI >75),

- Very thick soft/medium stiff clays (H> 36 m)

The following steps are preseribed in NEHRP provisions for classifying a site:

Step 1: Check for the four categories, mentioned above, of site class Sy requiring site-
specific cvaluation. If the site corresponds to any of these categories, classify the site as

site Class S and conduct a site-specific evaluation.
Step 2: Check for Site Class 8y, see table 2.1
Step 3: Categorize the site using one of the definitions prescribed in Table 2.1.

The rock site classes 34 and Sy are not allowed if there are more than 3m of soil between
the footing and the rock surface. Also, such categories shall be supported by shear wave
velocity measurements (Vs). However, shear wave velocity may be estimated for site class
Sy for competent rock with moderate fracturing and weathering. For softer and more
highly fractured weathered rock, Vy shall be measured on site otherwise; the site shall be

classified as class S¢.

Definitions of site classification parameters {( Vg, N, and S, are prescribed in both
UBC-97 [12] and NEHRP provisions. These definitions apply to the upper 30m of the site
profile. If the site profile contains distinctly different s0il layers, the site shall be
subdivided mto those layers. Each distinct layer shall be designated by a number that range
lrom 1 to n, where there are a total of n distinct layers in the upper 30 m profile of the site.
The sile parameters then are computed as the average of the inverse of the layered values

of the respective parameter as explained later in Chapter 6.



It is obvious that determination of site categorizing parameters, especially Vs,
require difficult and costly field geotechnical and geophysical measurements. Furthermore,
such measurements need to be conducted by well-experienced and equipped staff This
requirement of cxperienced staff along with the high cost of mobilization of equipment
make determination of soil profile class of individual sites very difficult or even
prohibitive in some cases. Therefore, the site-specific scismic zonation (microzonation) has
been recognized as the most appropriate and economical solution of site categorizing. Most
countrics are considering the seismic microzonatin as the most essential element for their
urban land use management plans and seismic risk reduction programs. This is what made
the idea of this study, which aims at seismic microzonation of mest seismically active

region in the Kingdom, to come up.
2.3 MODIFICATION OF PEAK GROUND ACCELERATION (PGA)

A large number of empirical attenuation relationship investigations have studied the
dependence of peak ground motion parameters on site conditions. Boore et al. [9] have
estimated the PGA from the western North American strong-motion data on the basis of
the site classes A, B and C, with all other parameters being the same, The ratio of the PGA
on Class B sites to that on Class A is given by the factor 1.45. A factor of 1.79 15
applicable for the ratio of the PGA on Class C sites to that on Class A, Campbell and
Bozorognia [14] have used an extensive set of worldwide accelerograms to develop a PGA
attenuation relationship. Results indicate that PGA on rock is higher than those on
alluvium at short distances while the reverse is true at longer distances. PGA on soft rock

is systematically higher than that on hard rock at all distances.

The response spectra starts at the PGA and sharply raises up 10 a maximum value
that is then maintained constant until a given period and then declines usnally as a function
of the inverse of the period. Depending on the soil type the maximum value of the
response is higher for stiffer soils than for softer soils for low periods. However, the extent
of this maximum value is related to the fundamental period of vibration of the soil deposit
which is higher for softer and deeper scils. The effect of the local conditions on the
response spectra makes it different for different types of structures depending on its
fundamental modes of vibration. This is the main reason of the selective damage observed

on similarly constituted structures during earthguakes.



2.4 SHEAR WAVE VELOCITY (SWV) MEASUREMENTS

Several seismic methods have been developed for in-situ SWV evaluation, These
methods are based on the propagation of elastic waves generated at one point (source) and
monitored at other locations (receivers). Rodriguez-Ordonez [4] provided an excellent
overview of available geophysical methods for SWV profiling including advantages and
disadvantages of each method. These methods can be classified into two major groups:
drilling based group (intrusive methods), surface techniques based (non-invasive methods).
[nirusive methods such as down-hole and cross-hole SWV measurements, have several
advantages. [For instance, they allow one to determine SWV directly with higher precision
and at the same time permit one to obtain geologic logs (texture, hardness, fracture
spacing, age, density) of formations. They also allow one to measure standard penetration
reststance. However, because of the requirement of drilled holes, these methods are much
more cosily {at least by a factor of 5) compared to any surface measurement technique,
These costs make direct SWV methods (such as down-hole and cross-hole) prohibitive in
seismic microzonation studies that cover large areas and many different sites especially for

depths larger than 30 m.

Non-mvasive techniques have long been recognized as a cost-effective approach to
obtain SWV data essential for seismic response analysis including site amplification and
liquefaction. The controlled-source measurement of surface wave dispersion {CXW) [4], as
explained in detail in Appendix (D), is a non-invasive method that is being used for site
characterization in the USA and Japan. In March 1997, the Japan Ministry of Cotstruction
{(IMOC) certified the CXW method as a standard test in Japan (JMOC 1997), similar to an
ASTM designation in the USA,

The propagation velocity of surface waves (Vs) depends on the structure of the
soil, If the properties of the soil profile are constant with depth, surface waves of different
wavelengths {or frequencies) travel at the same velocity, However, if soil properties vary,
surface waves of different wavelengths travel at different phase velocities. This variation
of the phase velocity (V) with wavelength is referred-to as dispersion. The process of
obtaining Vs structure from measured VI data is referred to as the Vi=Vs methed. The vi-
Vs principle 18 used in several different methods such as the spectral analysis of surface
waves {SASW), the controlled source measurements of surface waves dispersion (CXW),
and other techniques based on the use of background vibrations or earthquake data to

define the surface wave dispersion,
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The objective of the VE-Vs method is to obtain a SWV profile for a site by using
the measured dispersion curve. This is an inverse problem in which the properties of the
system are computed from the response to an excitation of stress waves. The main tool
available for the solution of this inverse problem is the forward modeling of elastic wave
propagation. Using these models, the dispersion curves can be computed for known soil
profile. Monlinear optimization formulations are used with the forward modeling to

compute a soil profile with a dispersion curve that is compatible with the measured one.

Inversion procedures for Vi-Vs methods available to date have serious limitations.
They require extensive computations, results are not unigue, and there are no appropriate
means to evaluate the resolution and accuracy of the results. These procedures also require
highly specialized and experienced analysts. These drawbacks have limited the general use
of VE-Vs methods. The CXW approach alleviates these limitations and extends the

application areas of these methods.

The CXW method may be regarded as a combination of the steady-state Raleigh
waves and the spectral-analysis of surface waves, offering the advantages of most methods

described in the hterature.

In the CXW method, a powerful electromagnetic exciter {the controlled-source)
generates operator-selected, repeated surface vibrations that are recorded by two vertically
oriented receivers placed at some known distance near the controlled source. Various
modes of repeated source excitation might be used for accurate data averaging. The control

unit of the system 1s used both as signal generator and as advanced signal analyzer.

In this project, the CXW system and interpretation method will be used to obtain
dense grids {of about 500-x 500 m) of SWV profiles to depth reaching 30 m in the siudy
area. The SWV and site characterization data will be used for earthquake response

analysis, seismic microzonation and ather related applications.
2.5 RELEVANT PREVIOUS LOCAL STUDIES

Two independent teams were sent for reconnaissance reporting on the Nov 1995
CGulf of Agaba earthquake (M, = 3.9). One team was assigned by KACST [15], and
Ministry of Petroleum and Mineral Resources assigned the other [16]. The estimations of
Modified Mercalli Intensity (MMI) distribution of the earthquake of the two reports are
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consistent. In the area of this study (City of Hagel and Ad-Durrah costom) the prevalent
MM is estimated to be VII. Complete collapse of three reinforced concrete-framed sheds
in Ad-Durrah-customhouse, about 87 km from the epicenter, would qualify for a site-
specific MM of IX. This case was not considered in assessment of the intensily because it
was consiiered an isolated case of collapse that attributed to comstruction and soil
problems. The foundation soil is lose fill near a cliff. Great amplification of ground motion
due to the site soil and topography conditions is expected. Actually, the preliminary data
obtamed from the Jordanian strong motion network indicates that the level of the
horizontal components of the PGA of the main shock on rock and tose soil in city of Al-
Aqaba which is located only 17 km from the site, were about .067g and 0.156 respectively.

Tni this study, the site-specific response of this area will be studied in detail,

KACST have funded several national research projects in the area of seismology
and earthquake engineering. A major study has been funded in the area of earthquake
engineering. The study 1s entitled, “Study Leading to Preliminary Seismic Design Criteria
in the Kingdom of Saudi Arabia” [17). The study represents regional consistent and
systematic collection and critical treatment of the limited historical and instrumental data
on earthquakes and seismotectonics of the region, and development of seismic design
criteria. The results of the probabilistic seismic hazard assessment indicate that the highest
relative predicted ground-motion occurs near the northwestern border neighboring the Gulf
of Agaba and also near the southwestern border, neighbering Yemen. Based on iso-
acceleration map for 10% probability of being exceeded in 50 years, for the scismic design
purposes the Kingdom are delineated into four seismic zones. Following the 1991 Uniform
Building Code UBC) [6] format, the seismic zones are assigned numbers 0, 1, 2A and 2B.
Such parameters defining seismic hazard are estimated from the activity of seismogenic
sources and the attenvalion of the ground acceleration with distance at a given probability

of exceedence. The effect of local soil conditions is not included in this estimate.
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CHAPTER 3

GEOLOGIC SETTING & ELECTRICAL SQOUNDING
MEASUREMENTS

3.1 GEOLOGIC SETTING OF THE SELECTED SITES
3.1.1 INTRODUCTION

The Terniary deposits of the Red Sea coast of Saudi Arabia crop out along narrow
coastal plain whose average width is 5-10 km. The total thickness of sediments ranges
between 2000 and 3000 m and the deposits show considerable facies variations. The major
subsidence and sedimentation took place between the end of the Oligocene and the end of
the lower Miocene. It was followed by some tectonic readjustment as well as salt diapirism

during the Upper Pliocene and Pleistocene.

The coastal plain of the Red Sea is bounded to the east by the Arabian Shield
escarpment and to the west by the sharp break-in slope marking the edge of the Red Sea

trough.

The coastal plain in the Gulf of Aqabah area range in width from 35 to0 45 km and
becomes very natrow north of Al-Wajh. 1t consists of irregular fault controlled strip

occupled by Miocene sediments and Quaternary alluvium and pravel.

Between Al-Wajh and Jeddah, both the shelf and coastal plain widen significantly
across the two embayments of Al-Wajh- Umm Lajj and Yanbu-Jeddah, The coastal plain

has an average width of 15 km along this part of the coast.

From Umm Laj north to the Gulf of Aqabah, raised surfaces have been measured
lying 6m , 10m , 20m and 30m above sea level. These surfaces are formed mainly of

coralline rocks and have been caused by veriical movements of fault blocks. The maximur
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uplift of the Pleistocene terraces occurs on Tiran island, at the mouth of the Gulf of Agabah,

where the reef stands 320 m above sea level.

Sauth of Jeddah, the shelf expands gradually until off the coast at Jizan, where it
includes Farasan islands, it reaches a maximum width of over 100 km. The coastal plain

also widens south from Jeddah, being 40 km at Jizan.

In the south, there is no relief to the flat coastal plain other than Jizan salt dome,
which rises 50 m above sea level. North of Jeddah , low hills of Tertiary strata crops out on

the coastal plan.
3.1.2 HAQL SITE

Hagl city is located at the extreme NW of Saudi Arabia along the Gulf of Aqabah.
and bounded by lat. 29 and 30 N and long, 34.5 and 36 E.

Precambrian rocks in Haqgl consist of the Hinshan formation, which represents the
cldest rock unit , composed of low-grade metavolcanic and metasedimentary rocks and a
variety of granitic rocks. The lower Paleozoic Quweira, Ram and Umm Sahm sandstones
unconiormably overlies the Precambrian rocks in the central part of the area and are
overlain in the eastern part by the Ordovician to Devonian Tabuk formation, which consists

of sandstone and shale (Fig. 3.1).

The Quaternary coastal zone at Haql 1s 6 to 10 km wide, apart from some
Precambrian in liers adjacent to the coast south of the town. Most of the zone consists of a
broad outwash fan which dips at several degrees towards the coast as the resuit of uplift
associated with the Dead sea transform. The fan is well exposed in Wadi Umm Jufayn to
the 81 of Haql. where an older sequence of silt and sand with some conglomerate beds is

overlain by coarser sequence of conglomerate and sand forming the present surface.

Terrace deposits form one of the most significant features along the coast and
¢onstitute much of the landscape west of the Precambrian hills. The thickness of the terrace
deposits is as much as 150 m. Tt consists of a succession of pebble to boulder gravels and

medium to coarse sand. The sand 13 poorly to well bedded.



| ] o

34 30 16 00

3000

SCALE 1,1,000, 000

Quaternary deposits [ =_al sawdah complex
Paleozoic sedimentary rocks{ s | ¥ Haql suite

: Wasit granite Asmar complex
pm a] Mabrak granite e/ %] Ghadiyah granite
[*h ¥} Hinshan tformation - 1Hal suite

Fig. 3.1: Geologic map of Haql area showing major structural features [18].

14



15

Reef limestone forms small, isolated headlands on the coast of the Gulf of Aqabah.
It overlies the terrace deposits. The vellow limestone composed of corals and fossils which

interbedded with sandy beds and reaches as much as 15 m thick [1 8]

Three principal Wadis are presenr : Wadi Mabrak in the NW, Wadi ad Dabr in the
SW drain westward and the third is Wadi Umm Jurfayn drains in the northwestward to the
Gulf of Aqabah. These wadis are as much as 500 m wide and are bounded by vertical faces

as much as 25 m high. Wadi alluvium consists of sand, silt and gravel and fills the bottoms

of channels and Wadis.
3.1.3 AL-WAJH SITE

Al-Wajh site is located on the northern Red Sea coast between lat. 26-27 N. and
long. 36-37 E. In Al-Wajh , the Tihamah is between one and two kilometers wide and is
underlain by Tertiary and Quaternary reef limestone and clastic sedimentary rocks. Raised
beaches with maximum elevations of about 10 m are common, Westerly draining Wadis

have incised V-shaped valleys through the uplifted beach deposits.

Tectonically, the Arabian Shield consists of folded and metamorphosed plutonic and
stratiform rocks. The oldest exposed rocks in Al-Wajh are represented by Usaylah suite
which is composed of highly deformed and metamorphosed volcanic, plutonic and
migmatitic rocks [19]. The Zaam group is the oldest unit of stratiform rock which consists
of argillites, silistone, shale, limestone and volcanic rocks. The Bayda group lies
unconformably upon the Zaam group as autochthonous unit in the west and as thick para-
autochthonous and allochthonous thrust sheets in the eastern and northern parts.
Deposition of Thalbah group in the late Precambrian (clastic .rocks, predominantly
conglomerales) was followed by a tectonic phase characterized by regional folds and thrusts
associated with a major crustal thickening tectonic regime and finally by formation of

ductile shear belts of the Najd wrenchfault system (Fig. 3.2).

Arkosic sandstone of Cambrian crops out in the NIE. Cretacecus , Tertiary, and
Quaternary marine and continental sediments were deposited in a major graben which is
believed to be related to the opening of the Red Sea. Outliers of Tertiary basalt in the
extreme NE are part of the Harrat al Uwayrid.
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Raghama Formation

This formation crops out along the Red Sea coast and consists of three members:
The sandstone member | the basal unit of the Raghama formation is composed of sandstone,
sitstone and conglomerates. The predominant rock is fine-grained sandstone with a clay

matrix intercalated with beds of polymictic conglomerate.

The conglomerate member lies unconformably on Precambeian rocks. Tt has no

obvious stratification and is composed of subrounded, poorly sorted clasts.

The limestone member, overlies the conglomerate member and is widely distributed
throughout the Tertiary deposits. South of Al-Wajh, several imlier of Precambrian rock
show through the Tertiary deposits, revealing proximity of basement rocks, North of Al-
Wajh, the limestone member, which overlies the Precambrian basement and infills the

paleorelief, comprises a sequence of beds that dip uniformly westward.

Ouaternaiy Deposits

Marine and continental deposits of Quaternary age crop out on the coastal plain, and

surficial deposits are widespread in Wadis and coastal areas.

Near Al-Wajh, raised reef limestone crops cut along the coast and rises inland to a
height of 50 m above sea level. The flat-lying raised reef is a complex of coralline

limestone, massive reef limestone, and back-reef deposits of calcareous mudstone.

North of Wadi Marwah in the northern coastal area the raised reef limestone is
underlain in some places by a thin, unsorted polymictic conglomerate. Near Wadi Antar,
dipping reef limestone wedges out southerly and is separated from a at-lying raised reef by

gravel deposits.

In the Hawd az Zalm, the Cretacecus- Tertiary Azlam formation is overlain by
gravel sheet, which wadis have eroded into terraces. The gravel were probably deposited in
shallow intermontaine lakes drained by Wadi Thalibah. Unconsolidated wadi sediments and

wind-blown sand occur in the Hawd az Zalm and on the coastal plain.
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3.1.4 YANBU SITE

Yanbu site incorporates the Red Sea coast and the west of the Arabian Shield
between lat. 24 and 25 N. and long. 37.5 and 39 E. Most of the area is occupied by
outerops of Upper Proterozoic rock, locally covered by Cenozoic basalt flows and eolian
sand deposits, the narrow coastal strip contains Tertiary-Quaternary marine and confinental

coastal plain sediments [20].

The oldest Proterozoic rocks are represented by two units: 1} the Al Hinu formation
composed of granitized gneiss, amphibolite and leplite: 2} the volcanic and sedimentary
Faeri group with serpentinized ultramafic rock. This group is unconformably overlaid by Al
Ays group of clastic sediments and mafic rocks. An orogeny followed deposition of Al Ays
with emplacement of Jabal Salajah granitic batholith and the Wadi Kamal gabbroic and
anorthositic complex {Fig. 3.3}

Extensive deformation folded the Precambrian rocks and imparted an intense
schustosity.  Faulting attributed to the Najd system is the last Precambrian tectonic
movement, During the Miocene, olivine basalt flows making up plateaux and marine
sediments of the Raghama formation which underlie the coastal plain are event related to

the opening of the Red Sea trench.

The distribution of the Tertiary sediments (Raghama formation) was controlled by
syndepositional faulting and graben formation related to the development of the Red Sea. A
generalized section across the coastal plain from the Precambrian basement in the east to the

coast in the west would be:
I Beds of shale and conglomerate sandstone alternating with siltstone.

2. Thin Tertiary reeford limestone with the Miocene coral |, rising above the coastal

plain and alternating with sandstones and silts.
3. Shale covered by sand and gravel.

4, Raised reef limestone terraces of Quaternary age.
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‘The marine Quaternary deposits are represented mainly by reef terraces which lies
several meters above sea level. Sand and mud in the lower zones of the Sharms intermixed

with contemporaneous alluvial material
Continental Quaternary deposits are represented by;

I # sandy mantle covering a wide area which has a compesite origin incorporating

fluviate and eolian transport.
2. gravely or sandy spreads dissccted by very close drainage.
3. gravel spreads related to the degradation of the older terraces.

3.1.5 JEDDAH SITE

Jeddah site is located in the west-central part of the Arabian Shield bordering the
Red Sea. It is underlain by Precambrian layered rocks (10%) and plutonic rocks (90%), by

Tertiary sedimentary rocks in the west, and by Miocene to Pliocene lavas in the north [21].

The Tertiary deposits and Precambrian rocks are capped by flat-lying Tertiary
basalts of Harrat Rahat. Coral reefs fringe the coast. A Quaternary raised reef forms a
¢oastal terrace in Jeddah area.  Alluvial fans are conspicuous features at the mouths of
Wadis along the coastal plain north of Jeddah, Eolian sand covers the alluvial fans on the

ceastal plain south of Jeddah.

Generally, the Quaternary deposits have been divided into seven units, The oldest is
raised reef limestone that crops out along the coast, north of Jeddah the outcrop is 5-10 km
wide but south of Jeddah is less than | km wide. Inland, the reef limestone is covered by

terraced gravels, aliuvial fan deposits and in the south by wind-blown sand.

Talus deposits have accumulated at the foot of steep mountain slopes. The most
recent deposits are alluvial sands and gravels of Wadis, and Sabkhah gypsiferous sands, silts

and clays that overlies the reef limestone,

The thickness of the alluvial cover varies widely. Ower large areas of the coastal

plain it is from a few centimeters {o several meters thick. A drill hole in south Jeddah



21

intersected about 85 m of alluvial deposits [22] suggesting that there is, in places,

substantial thickening of the alluvial cover inland.
J3.1.6 JIZAN SITE

Jizan site is located in the southern Arabian Shield between lat. 17 and 17.5 N and
long. 42.5 and 43.25 E. The geology of the area is the product of three major periods.
These periods encompass late Proterozoic rocks of the Arabian Shield, remnants of
sedimentary rocks deposited on the Shield between the Cambrian and early Tertiary times,
and igneous and sedimentary rocks deposited in the Red Sea basin between the middle

Tertiary and the present [23].

The Arabian Shield rocks consist of late Proterozeic quartz-rich schists that were
intruded by strongly foliated to gneissic granite. Deposition of the Cambrian to lower
Tertiary rocks was controlled by fluctuations in the positions of the shorelines of the
surrounding marine basins. These tectonically quiescent conditions terminated with the

onset of voleanism.

In a traverse from west to east, the following units are encountered : the Sabkhah
unit (200-300 m), abroad zone of Quaternary alluvial deposits (30-35 km). Quaternary
basalts, then a narrow zone of Tertiary igneous rocks with Ordovician sandstones which are
exposed by faulting. To the farther east, The Precambrian basement complex forms the

elevated mountains {Fig. 3.4).

Rock salt and associated cap rocks consist mostly of gypsum which have diapirically
moved through the overlying country rocks of the Baid formation. These cap rocks are

extremely faulted and disturbed |, but the succession at the salt dome is as follows:
I Massive halite with thin anhydrite reach about 1500 m thick.
2. 30 m of fine silty sandstone and shale rich in organic matter.

The bottom of the salt dome is estimated to reach about 5000 m below sea level.
When a salt dome surfaces, most of the overlying coumtry rock and cap rock arc

subsequently removed by erosional processes.
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Quaternary Sediments

Alluvial terrace deposits constitute about 40 % of the Quaternary deposits. They

are composed primarily of sands and gravels, with lesser amounts of cobbles and finer silts.

Along the Red Sea coast large elongated bodies of Sabkhah deposits occur dissected by
alluvium or eolian sands. These are believed to result from tidal flats where layers of saline

mud were interlard with saline sands. The thickness is estimated to be a few meters 5-6.

Alluvial deposits occupy ail the mejor streams. They range in thickness from a few
meters in the upstream to more than 100 m near the sea. Tt consists of flood plain and
terrace deposits. These deposits consist of gravels, sands, silts and clay deposits. Silts and

associated fine sediments which locally are gypsifarous.

3.2 ELECTRICAL SOUNDING MEASUREMENTS

3.2.1 INTRODUCTION

The primary objectives of this study are to obtain details about the location, depth

and resistivity of subsurface layers and to define the groundwater and depth to the bed rock.

In this study, Schlumberger Vertical Electrical Sounding (VES) megsurements were
conducted by using & portable ABEM SAS-305C instrument with booster transmitter
capable of producing a maximum of 500 Volt D.C. voltage. During the field measurements
the maximum half current electrode spacing AB/2 extended up to 400 m from the center.
These measurements (resistance) are converted to apparent resistivity values by scaling

them by a gecometrical factor that depends on the spacing between the electrodes.

At larger AB/2 values, some sounding curves indicated noise interferences. This
could be due to the low power of the resistivity instrument, which can not provide sufficient
signal strength to exceed the required signal to noise ratio. The field data were re-examined
as individual soundings and unacceptable errors in the apparent resistivity curves have been

removed during processing.

The results were then plotted on a bi-logarithmic paper, and appropriate methods of

mterpretation were then used 10 compute the resistivities and thickness of layers.
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A total of 28 soundings were made: 8 soundings at 4 sites in Haql City, 5 soundings
al Wajh City, 5 soundings at Yanbu City , 6 soundings in Jeddah City and 4 soundings in

Gizan City. Table 3.1 shows some geophysical parameters in study cities,

Interpretations were initially made by using Zohdy's automatic interpretation
computer program (ATO). The final interpretations was made by using RESIX-PLUS
program by INTERPEX Lid. The results have been used for the interpretation of the

geoelectrical cross-section for each area.

3.2.2 TEST RESULTS
3.2.2.1 Haql City

In Hagql City 8 Schlumberger Vertical electrical soundings (VES) were measured,
two soundings at Site No. |. (HIA and AIB) near to the Al-Dahara Dam (Fig. 3.5). At site
No. 2. Al-Sahban District two soundings H2A and H2B were measured at the shore of
Aqabah Gulf Coast. At site No. 3 Al-Humida District two soundings H3A and H3B were
measured (Fig. 3.6). At site No.4 near to the Prison, far away from the coast two

soundings H4A and H4B were conducted.

The field Sounding curves within Hagl city were three Layers type resulted from
three geoclectric layers. At site No. 1 {Fig. 3.5) the geoelectric section showed a top soil
composed of silty sandy calcareous gravels having resistivity ranging between 300 to 800
ohm.m and depth about 3 m. This layer is underlain by a dry layer of coralline limestone
with a resistivity between 1000 to 2000 ohm.m and depth about 30 m and this layer
represents the unsaturated aquifer. The third layer is the saturated aquifer consists of wet
coralline limestone with resistivity less than 100 ohm.m; depending on the guality of the
contained water. This layer is very thick, more than 60 m, and for this reason the bedrock

depth is greater than 60m.

At site No. 2. the geoelectric section consisting of top soil cemposed of calcareous
sand having resistivity between 20 to 75 ohm.m and depth about 2 m - This layer is
underlain by saturated layer of coralline limestone with a resistivity less than 10 ohm,.m and

depth more than 60 m. The coralline limestone layer represents the saturated aquifer and the



Table (3.1): Summary of some geophysical parameters.

]

Depth to Water- | Depth to the Bed

. o
City Stte No. table Rock
HI1A 10m >0 m
HIE 10 m =60 m
HZA 5m >80 m
Hagl H2B Im > 60 m
H3A 6m >60m
H3B gm > 60 m
H4A, H4B =60 m > 60 m
W1 40 m >60m
Wajh
W 2-5 2-4m > 60 m
Y1 4t > 60 m
Yanbu
Y 2-5 2m >60m
J13 2—4m > 60 m
jeddah
125 3m > 60m
Jizan G1,5 0.5m =60 m
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Interpreted resistivity contour section connecting soundings H1A and H1B in
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contained water quality at this site (No. 2) is relatively highly saline. The depih to the

bedrock 1s greater than 60m,

At site No. 3, as shown in Fig. (3.6), the peoelectric section consists of top soil
composed of gravelly sand with a resistivity between 200 to 700 ohm.m and depth about
10m . This layer is underlain by a saturated weathered layer having resistivity less than 50
ohm.m and depth about 50 m. The third layer is unsaturated layer composed of limestone
and (he depth is more than 60m.

At site No. 4 near to the Prison the field curves of the two soundings H4 and HS
show one layer very thick, The geolectrical section consists of a very thick layer composed
of gravelly silty sand having resistivity ranging between 100 and 1000 chm.an and depth
greater than 60 m. At 10 m depth there is a saturated layer of small thickness and containing

water quality relatively less saline. The basement bed rock depth more is than 60m.

3.2.2.2 Al-Wajh City

In Al-Wajh City 5 vertical electrical soundings were carried out at 5 sites. The field
sounding curves within Al-Wajh were of two types resulted from two geoelectrical layers.
At site No. 1, away from the Red Sea coast, the geoelectrical section consists of top seil
composed of silty sand having a resistivity ranging between 100 to 500 ohm.m and depth
about 20 m. This layer is underiain by a saturated aquifer consisting of a wet layer having
resistivity less than 10 ohm.m. The water level ranges between 40 - 50 m below surface and
water quality is highly saline. The bed rock depth is grater than 60 m. The other four sites
are located along the Red Sea Coast and the geoelectrical sections at these sites (VES 2,
VES 3 and VES4 in Fig. 3.7). consists of a soil layer composed of silty sand having
resistivity about 10 ohm.m and depth ranging between 2 to 4m. This layer is underlain by a
saturated aquifer layer consisting of wet sands with resistivity 1 ohm.m at depth 2 m and the
contained water quality relatively highly saline. The depth to the bed rock is more than 60m
(Fig. 3.7).

3.2.2,3 Yanbu City

In Yanbu City 5 vertical electrical soundings were measured at 5 sites. The field

sounding profiles within Yanbu were of two types and resulted from two geoelectrical
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WAJH GEOELECTRICAL SECTION

VES 2 VES 3 VES 4

DEPTH X10 (M.}

000 20000 400.00 600.00 4G0.00 1000.00 1200.00 F4D0.00 1600.00 1800.00 2000.00
DISTANCE (M.)

Fig,3.7:  Interpreted resistivity contour scction connecting soundings VES2, VES3, and

VES4 in the coastal area of Al-Wajh city,
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sections. At site No. 1 the geoelectrical section consists of a top soil composed of dry
gravelly sand having resistivity ranging from 10 to 50 ohm.m and depth 3.5 m. This layer is
underlain by a saturated aquifer with contained water quality highly saline. The water level
was 4m. The bed rock depth greater than 60 m. The rest of the soundings (VES2, 3 and 4)
presents two layers, the top soil layer is silty sand very thin about 2 m thick and having
resistivity about 4 ohm.m (Fig. 3.8). This layer is underlain by a saturated aquifer with
resistivity 1 ohm.m. The water level is 2m and water quality is very saline. The bed rock
depth is deep (Fig. 3.8).

3.2.2.4 Jeddah City

In Jeddah City 5 vertical electrical soundings were measured at 5 sites. The field
sounding profiles within Jeddah were of two types. At site No. 1, at the Airport, and site
No. 3, at the Sea port, the geoelectrical section showed top soil composed of silty sand
having resistivity ranging between 5 to 10 ohm.m and depth ranging berween 2-5 m. This
layer is underfain by a saturated aquifer layer having resistivity 1 ohmm; the contained
water quality is very saline. The bed rock at these sites is very deep, more than 60 m. At
site No. 2 near to Meridian Hotel and site No. 5 the geoelectrical profite (Fig. 3.9} shows
dry top soil composed of sandy clay having resistivity ranging between 20 to 160 chm.m
with depth about 3 m. This layer is underlain by a saturated aquifer layer having resistivity 1
obm.n and the water level is at 3 m. The saturated layer at Jeddah city is very thick and the
water quality is relatively very saline. Similar to all locations the bed rock at Jeddah City is
deeper than 60 m (Fig. 3.9).

3.2.2,5 Gizan City

[n Gizan City 5 sites were investigated by Schlumberger vertical electrical sounding.
All the investigated sites are located near the coast and so the figld sounding profiles within
Gizan were of one type. The geoelectrical section in Fig. {3.10) show a saturated aquifer,
composed of salty silty clay. The water level is about 0.5 m and the water quality is very
saline. The saturated saline layer is very thick having resistivity less than 1 chm.m. The bed

rock is also deeper than 60 m (Fig. 3.10).
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Iig. 3.8:  Interpreted resistivity conlour section connecting soundings VES2, VES3, and

VLS4 in the coastal area of Yanbu city.
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JEDDAH GEOELECTRICAL SECTION
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Interpreted resistivity contour section connecting soundings VES2, VES4, and

VESS in Jeddah city.
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CHAPTER 4

GEOTECHNICAL CHARACTERIZATION OF SITES

4,1 INTRODUCTION

Local soil cenditions can have enormous effects on pround surface motions and the
behavior of supported structures. The strong ground shaking and collapse of a large number of
buildings in Mexico City in 1985 were related directly to the dynamic characteristics of the soft
clay iIn Mexico City [24, 25]. During the Armenia Earthquake of 1988 the large horizontal
amplifications and increased damages in Leninakan, as compared with the damages in relatively
close Kirovakan, have been correlated with the characteristios of local geologic deposits [26).
Recent studies show that such effects of local soil conditions mainly depend on the geotechaical
properties of the soils involved, i.e, on the types of the soils [24, 27] and their depth, Based on
study of hquefaction occurrences during past earthquakes and the sedimentary units affected,
Youd and Perkins [28] have developed the criteria listed in Table 4.1, These qualitative relations
form the basis for most of the geologic criteriz used for the mapping of the liquefaction

susceptibility.

The strategy of these investigators to evaluate the liguefaction potential at the selected
sites was initially focused on collection of information from borings carried out in these areas in
order to characterize the engineering properties of the various geologic units. The soil logs of
each city were obtained from several soil testing companies, engineering firms and government
agencies. SPT-N wvalues, grain size data and soil classification data have been the primary
information compled. Boving logs in Hagl and Al-Wajh were not of adequate scale to be able to
define subsurface conditions in these two cities. Therefore a field investigation program was
conducted in those two cities. The program consisted of dolling and sampling of 5 boreholes to
a depth of 20 m in each city. For this purpose a truck mounted rotary type drilling rig CME-

model 55 was used. Drilling was performed using auger tools.

To supplement our collected data, 8 to 14 carefully selected sites were tested in cach city,

using the CXW (controlled measurements of surface wave dispersion) techmque for
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Table 4.1 Susceptibility of Sedimentary Deposits to Liquefaction During
Strong Shaking [28].

T Geaeral Likelihood that Cobiesioaless Sediments, When
Types of Deposit Distribution of Saturated, Would be Susceptible to Liquefy
Cobesionless {by Age of Deposit)
Sediments in . Pre-
" Deposits <500 yrs | Holocene | Pleistocens Pleistocene
Continental Depuosits —
River Channel locally variable | very high low very low
Flood piain locally variable | high moderate | low very low
Alinvial fan and plain widespread moderate | low low very low
Marine terraces and plains | widespread — low very low very low
Deita and fan-delta widespread high moderate | low Very
Lacustrine and-playa variabie high moderate | fow very low
Colluvium varable high moderate | low very low
Talus widespread low low very low very low
Dunes widespread hizh moderate | low verv low
Loess variahle hizh high high very low
Glacial till vanable low Tow very low very low
Tuff rare ow Iow - very low very low
Tephra widespread high high ? ?
Residual soils rare low low very low very low
Sebka locally vanable | high moderate § low very low
Coastal Zone
Delta widespread very hich high low very low
-Estuarine locally variable | high 1 moderate | jow very low
Beach' High wave energy | widespread moderate | low very low very low
Beach. Low wave energy | widespread hiph moderate | low very low
Lagoonal locally variable { high moderate | low very low
Fore shore locally vanable high moderate | low very jow
Artificial — —
Uncompacted il variable very high | — e —
Compacted fill variable low —_ —_— —
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characterization of these sites in terms of mean shear wave velocity, V., in the upper 30 m. Sites
selected for field work pertaining to Haql, Al-Wajh, Yanbu, Jeddah and Jizan, respectively are
shown in Figures 4.1 to 4.5. Description of each site is summarized in Tables 1 to 5 in Appendix

A. The coordinates of each site are shown in Tables 6 to 10 in Appendix A.

Soil conditions based on collected data and data obtained from field work in each city are

presented in the following parts sections,

4.2  SOIL CONDITIONS IN CITY OF HAQL

The analysis of the field exploration results — records of horehole in the city of Hagl are

shown in Figures 1 to 5 in Appendix B. These constitute of the following main characteristics:

I The old city of Haql hes within a natrow coastal zone, § to 10 meters above the sea level.
This area 15 underlain by dense to very dense sand and gravel deposits. These deposits
are in average 2 to 7 m thick and are underlain by a coral formation, Water level in this

area is 2 to 11 mbelow ground surface.

2. The growing urban and commercial areas to the east and west of the old aty of Hagl are
undetlain by the elevated terrain (known locally as Al-Dhahra} 30 meters above sea
level. Surface data suggest that soil deposits in this aren are 20 m or more in thickness.

The deposits typically are dry dense to extremely dense gravelly sand or sandy gravel.

3, Construction is prohibited on the massive thick dune sand areas north of Hagl along the
shoreline toward Al-Dorah city.

4.3  SOIL CONDITIONS IN CITY OF AL-WAJH

Sl data from five boreholes, Figures & to 10 in Appendix B (refer to Figure 4.2 for
locations), show that subsurface sediments at Al-Wajh, generally consist of coralline silty,
gravelly sand in dense to very dense conditions, At Wadi Zaem (north of Al-Wah toward
Duba), the subsurface soil consists of gravelly sand in loose to medium dense conditions to a

depth ot 20 m,
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Figure 4.2  Location of Study Sites in Wajh
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4.4  SOIL CONDITIONS IN CITY OF YANBU
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Although the ground conditions in Yanbu are significantly different within the sites, the

investsigators were able to collect around 106 boring logs in the city of Yanbu (two of them to a

depth of 15 m, while the rest 10 m deep), and 167 boring Jogs in the industrial area, 35 kms south

of Yanbu (in this case most of them 20 m deep). Based on the analysis of the collected data (See

Table 11 in Appendix B), the subsurface conditions can be designated as extremely variable,

complex and composed of the following profiles:

Profile 1. There are extremely loose to loose fine to medium sand deposits
from the surface to 15 m below the surface with a very shaflow
groundwater table (less than 1 m).

Profile 2. A thin top layer of compact shattered coral (2 - 5 meters with SPT-N
values 20 i0 30) underlain by thick layer of very loose to loose fine
sand with some gravel and/or silt (6 - 8 meters with SPT-N  values between
3 to 25) below ground level.

Profile 3. Dense to very dense layer of silty sand with gravel and cobbles.

Profile 4. Coral limestone interbedded with coralline sand and fines. It is
medium dense to very dense specially at deeper depths (35 km south

of Yanbu}.

4.5. SOIL CONDITIONS IN CITY OF JEDDAH

Jeddab lies on a narrow coastal plain, varying in width from 2 to 40 km from south to

north, which runs paralle! to the Red Sea. The coastal deposits in Jeddah area can be divided

into two parts. The first deposits are chiefly depositional coralline while the others are mainly

sands and silts onginated from varable rocks, Clays are occasionally encountered, but less

prevalent.  However, coral reefs are abundant, both on and offshore, and vary in thickness from

centimeters to tens of meters. These coral deposits are sometimes completely weathered. More
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than 440 boreholes (see Table 12 in Appendix B) have been drilled in different districts, to study
subsrface conditions in Jeddah. The subsurface conditions are variable, distinet variations exist

among different areas. Selected soil profiles encountered in these areas are given below:

Profile 1. Wadi Ghalil Profile

Wadi Ghalll channel is running across the southern part of Jeddah  Soil types

encountered in this wadi are as follows:
1) Silty gravelly sand in the upper 3 to 9 meters. The soil is dry and medium to very dense,

it} A stratum of gravelly sand to sand and gravel with rock boulders with a maximum thickness

of 8 meters. This material is saturated and dense to very dense,

ii) The third layer consists of very dense silty to clayey sand with rock boulders with a

maximum thickness of about 15 m.

iv) Al a depth of about 26 m to 40 m from the ground a layer of highly to moderately weathered

meta-andesite is encountered,
Groundwater level in this wadi is at a depth of about 8 meters.
Profile 2. Wadi Fatimah Profile

Wadi Fatimgh slopes gently towards the sea, to the west, by about 0.4%. These wadi
deposits (alluvial deposits) that originated from weathering of igneous and metamorphic rocks
consist of gravelly sand to sandy gravel and/or sand and gravel. The subsoil strata in this area

are as lollows:
1) The upper 1-2 meters is a silty gravelly sand. It is saturated and very dense,
n} The second layer consists of silty fine to coarse sand, saturated and very loose to loose (SPT-

N=5 to |5}, The averape thickness of this layer is 6 meters.

m) The third layer consisis of saturated and very dense sand to sandy gravel with various

amounts of silt and clay and extend 10 a depth of 40 meters below the ground.

The ground water level is at a depth of 1 meter.
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Profile 3, Southern Coastal Plain

The subsoil strata in the coastal plain which is beunded by Wadi Fatimah on the east and

the Red Sea {(Naval Base) on the west, are as follows:

i} The first layer consists of clayey silty sand, saturated and very loose fo loose. The thickness

of this layer is about 2 meters.

i) A layer of clayey to silty carbonate sand and gravel (mainly derived from disintegration and
decomposition of coral formation) is encountered below the first layer. The thickness of this
layer is about & meters. The soil is saturated and of medium to very dense state (SPT-N = 20
- 50).

i) A layer of silty gravelly, sandy gravel and/or silty sand and gravel is underlying the second

layer to a depth of 40 meters below the ground. It is saturated and in very dense state.
Profile 4, Northern Coastal Plain
The coastal deposits it Al-Shatee district consist of the following layers.

1) 0-3 m a layer of loose silty sand with coral fragments (SPT-N value = 6) or a layer of silty
sand with gravel in medium dense to very dense state {SPT-N values between 15 to 100).

it} (a) 3 - 10 ma layer of clayey sand with gravel medium dense to very dense.
(b} 3 -5 m a layer of coralkne sand with boulders and coral fragments, very  dense.
iti) 5 - 30 m coralline sand with coral fragments, medium dense to very dense
The groundwater level is at 2 m below the ground surface.
Profile 5. Sabkha Profile

Sabkha soils are present in Abhur, Al-Khalidiya, Al-Salama, Al-Famra Al-Ruwais, Al-
Corniche and in Jeddah Sea Port districts (see Figure 8 in 2nd Progress Report). Following is a
typical sol profile in Al-Hamra district:
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{i) 0-3 m a layer of silty sand with gravel (SP) and coral fragments, saturated loose ta medium
dense {SPT-N between 10 and 17).

(i) 3-20 m a layer of coralline sand (SP, SP-SM, SM) with coral fragments, saturated, loose to
medium dense (SPT-values between 8 to 25),

The ground water level is at 1 meter below the ground surface.

4.6  SOIL CONDITIONS IN CITY OF JIZAN

The city of Jizan 15 situated on an elevated terrain underlain by a salt dome measuring 4
5. kms in area and reaching 50 m above the see level (Figure 4.6). Two categories of geologic
units are recognized in and around the city of Jizan, namely sand dunes and sabkha, Subsurface
conditions m these two zones were studied based on data from more than 320 borings (see Table
13 in Appendix B).

Sand Dune Deposits: These acolian sand deposits varies in thickness from 0 m to as deep as 20
meters, underlain by salt rock. The sand has a uniform grain size distribution as shown in Figure
13 i Appendix B, 1t is primarily composed of fine quartz grains and volcanic rock fragments
with fines contents from 7% to 30% with an average of 19.8%. Natural water content for the
sand ranges from 4% to 20% with an average of 12.7%. The relative densily of the sand highly
varies from loose at shallow depth (0-2 m), loose to medium at intermediate depth (2-10 m) and
dense to very dense below that. Standard penetration resistances vary from location to location
as shown in Figure 14 in Appendix B and appear to range from 4 and 18 for the upper 5§ to 10

meters,

Sabkha Deposits: The flat coastal plain surrounding the elevated terrain in the north and south
i5 covered by thick sediments of recent age consisting of soft/loose organic saline soils known
locally as sabkha. The deepest boring within the sabkha was 25 m which did not reach the
underlying bedrock. Soil profile in the sabkha areas consists of three units, depth to the
groundwater table is at 1 m or less. The thickness of the top layer ranges from 1 to 2 m and
consisting of fine grained sediments (silty sand and/or fine sand with silt and gravel), with SPT-
N values —~ 4 - 30. The second layer with a thickness of 8 m to 12 m Is of soft and/or loose

deposits that is compesed of soils varying from nonplastic fine sands to silt and clay with a very
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low SPT-N values (1 to 4). The base layer consists of fine to coarse dense to very dense sand.
Figure 4.7 is from an aerial photograph showing the Quarternary geology around the city of
Jizan,
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CHAPTER 5

EVALUATION OF LIQUEFACTION RESISTANCE

5.1 INTRODUCTION

In ths research, we will use the simplified procedure to identify layers susceptible to
liquefaction. The following briefly outlines the simplified procedurs as adopted by the
NCEER Workshop in 1996,

Over the past twenty-five years, a procedure, termed the “simplified procedure”, has
evolved for evaluating liquefaction resistance of soils. This procedure has become the
standard of practice in North America and throughout much of the world. Following
disastrous earthquakes in Alaska and in Niigata, Japan in 1564, Professors H.B. Seed and
L.M. 1driss developed and published the basic “simplified procedure”. The procedure, which
is largely empirical, evolved over the decades primarily through summary papers by H.B,
Seed and his colleagues. In 1985, Professor Robert V. Whitman convened a workshop on
behalf of the National Research Council {NRC) in which thirty-six experts reviewed the
state-of-knowledge and the state-of-the-art for assessing liquefaction hazard. No general

review or update of the simplhified procedures has oceurred since that time.

In 1996, Professors Leslie Youd and Izzat [driss convened a workshop sponsored
by the National Center for Earthquake Engineering Research (NCEER} in which twenty-
one experts reviewed developments and gained consensus for future augmentations to the
procedure.  The scope of the workshop was limited to procedures for evaluating

liquefachon resistance of soils on level to gently sloping ground.

The participants developed consensus recommendations on the following topics:

(1) use of the standard and cone penetration tests for evaluation of liquefaction resistance,
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(2} use of shear wave velocity measurements for evaluation of liquefaction resistance, (3}
use of the Becker penctration test for gravely soils, {4) magnitude scaling factors, (5)
correction factors Ky and Ko, and (6) evaluation of seismic factors required for the

evalualion procedure.

The recommendations of the workshop regarding standard penetration tests and

shear wave velocity method will be presented as follows:

3.2 CYCLIC STRESS RATIO (CSR) AND CYCLIC RESISTANCE
RATIO (CRR)

Calculation or estimation of two variables is required for evaluation of liquefaction
resistance of soils. These variables are the seismic demand placed on a soil layer, expressed
in terms of cyclic stress ratio (CSR), and the capacity of the soil to resist liquefaction,
expressed in terms of cyclic resistance ratio (CRR), hereafter referred to as liquefaction
resistance or liquefaction resistance ratio. CRR is a symbol proposed by Robertson and
Wide that was endorsed by the workshop. Previously, this factor had been called the cychic
stress ratio required to generate liquefaction, or the cyclic strength ratio, and had been given
different symbols by different writers (CSRL, CSR, etc.).

Seed And Idriss [31] formutated the following equation for calculation of CSR:
CSR =1,, /5, = 0.65(8 10 /80O o /61, (5.1

where amx 18 the peak horizontal acceleration at ground surface generated by the
earthquake, g is the acceleration of gravity, 6., and o., are total and effective vertical
overburden stresses, respectively, and ry is a stress reduction coefficient. The latter
coefficient provides an approximated correction for flexibility of the soil profile. The
workshop participants recommend the following minor modification to the procedure for
calculation of CSR.  For noncritical projects, the following equations may be used to

estimate average values of .

T 1.0 -0.00765 z forz < 215m {5.2a)

Iy 1.174 - 0.0267 z for2.15m<z<23m {5.2b)

Iy (1.744 - 0.008 z for23<z=30m {5.2c)
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fd = .50 Forz>30m {5.2d)

where z is depth below ground surface in meters. Mean values of r, calculated from
Equation 5.1 are plotted on Figure 5.1 along with the mean and range of values proposed
by Seed and [driss [31]. The workshop participants agreed that for convenience in
programming spreadshects and other electronic aids, and to be consistent with past practice,

ra values determined from Equation 2 are suitable for use in routine engineering practice.

As an alternative to Equation 5.2, Thomas F. Blake (Summary report, [32])

approximated the mean curve plotted on Figure 5.1 by the following equation:

(1000 - 041132" + 0.04052z + 0.001753z"") <5
P, =
T (LO00+041772% +0.057292 — 0.0062052'° +00012102°) (3.3)

Equation 5.3 yields essentially the same values for r4 as Equations 2a-d, but is easier

1o program for many applications and may be used in routine engineering practice.

33 STANDARD PENETRATION TEST (SPT)

Criteria for evaluation of liquefaction resistance based on standard penetration test
{SPT) blow counts have been rather robust over the years. Those criteria are largely
embodied m the CSR versus (Ni)g plot reproduced in Figure 5.2. That plot shows
caleulated CSR and (Ni)s data from sites where liquefaction effects were or were not
observed following past earthquakes along with CRR curves separating data indicative of
liquetaction from data indicative of nonliquefaction for various fines contents. The CRR
curve for a fines content less than five percent is the basic penetration criterion for the
simplified procedure and is referred to hereafter as the “simplified base curve.” The CRR

curves in Figure 5.2 are valid only for magnitude 7.5 earthquakes.

3.3.1 CLEAN SAND BASE CURVE

Several changes to the SPT criteria were endorsed by workshop participants. The
first change is to curve the trajectory of the simplified base curve at low (N)g to a
projected CRR intercept of about 0.05 (Figure 5.2). This adjustment reshapes the base

curve to achieve consistency with CRR curves developed from CPT data and probabilistic
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analyses by Liao et al. [33] and Youd and Noble [34). Secd and ldriss [35) originally
projected that curve through the origin, but there were fow data to constrain the curve in
the lower part of the plot. A better fit to the present empirical data is to bow the lower end

of the base curve as indicated in Figure 5.2.

Thomas F. Blake (Summary report, [32]} approximated the simplified base curve
plotted on Figure 3.2 by the following equation:

a+ex+ex’ + gy’

AR =
CRR 1--bx +de® + A+ e

(5.4}

Where CRRys i3 the cyclic resistance ratio for magnitude 7.5 earthquakes; x = (Ni)g; a =
0.048, b = 0.1248; ¢ = 0.004721; d = 0.009578; ¢ = 0.0006136; f= 0.000328%, g=-
1.673E-05; and h = 3.714E-06. This equation is valid for (Ni)eo less than 30 and may be
used in spreadsheets and other analytical techniques to approximate the simplified base

curve for engineering calculations.
3.3.2 CORRELATIONS FOR FINES CONTENTS

Another change was the quantification of the fines content correction to better fit
the empirical data and to support computations with spreadsheets and other electronic
computational aids. In the original development, Seed et al. [36] found that for a given
(Ni)so, CRR increases with increased fines content. It is not clear, however, whether the
CRR increase is because of greater liquefaction resistance or smaller penetration resistance
as a consequence of the general increase of compressibility and decrease of permeability
with increased fines content. Based on the empirical data available, Seed et al. Developed

CRR curves for various fines contents as shown on Figure 5.2,

After a lengthy review by the workshop participants, consensus was gained that the
correction for fines content should be a function of penetration resistance as well as fines
content. The participants also agreed that other grain characteristics, such as soii plasticity
may aftfect liquefaction resistance, hence any correlation based solely on penetration
resistance and fines content should be used with engineering judgment and caution. The

following equations, developed by LM, Tdriss with assistance from REB. Seed are
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recommended for correcting standard penetration resistance determined for silty sands to an

equivalent clean and penetration resistance:
(N oo =+ BN ) (3.5}

where « and [} are coeflicients determined from the following equations:

o = 0 for FC £ 5% (5.6a)
o = exp| 1. 76-(190/ECH] for 5% < FC < 35% (5.6b)
] = 5.0 for FC = 35% {5.6¢c)
B = 1.0 for FC < 5% _ (5.7a)
3 = [0.99H(FC'#/1000)] for 5% < FC < 35% (5.75)
¢ = 1.2 for FC > 35% (5.7¢)

where FC is the fines content measured from laboratory gradation tests on retrieved soil

samples.

These equations may be used for routine liquefaction resistance calculations. Back
calculation of CRR curves 2s a function of fines content and Ni{60) for magnitude 7.5
carthquakes using Equations 5,5-5.7 yield curves that are essentially identical to the curves

plotted on Figure 5.2,
3.3.3 OTHER CORRECTIONS

In addition to grain characteristics, several other factors affect SPT results. One of
the more important of these factors is the energy delivered to the SPT sampler. An energy
ratio, ER, of 50% has generally been accepted as the reference value. The ER delivered by
a particular SPT setup depends primarily on the type of hammer and anvil in the drilling
system and on the method of hammer release. Approximate correction factors (G =
ER/60%) to modify the SPT results to a 60% energy ratio for vartous types of hammers and
anvilg are listed in Table 5.1, Because of variations in drilling and testing equipment and
differences in procedures used, a rather wide range in the energy correction factor, Cy, has
been observed as noted in the table. Even when procedures are carefully monitored to

conform to established standards, such as ASTM D-1686, considerable varation in Cy may



Table (5.1): Corrections to SPT Modified from Skempton, [321}

Factor Equipment Variable | Term Correction
Overburden Pressure Cx |(@aic’,)* CN<2
Energy ratio Donut Hammer Ce [05t010
Safety Hammer 0.7to 12
Automatic-Trip 081013
Donut-Type Hammer

Borehole diameter 65 mmto 115 mm Cyp |1.0
150 mm 1.05
200 mm 1.15

Rod length Jmtodm Crx {075
4mtodm .85
6mto10m 0.95
10to 30 m 1.0
>30m < 1.0

Sampling method Standard sampler C |10
Sampler without liners 1.1t0 1.3

a6
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occur because of minor variations in equipment and procedures. Ewven within a given
borehcie variations in energy ratio between hammer blows or between lests typically may
vary by as much as ten percent. Thus, the recommended practice is to measure the energy
ratio frequently at each site where the SPT is used. Where measurements can not be made,
careful observation and notation of the equipment and procedures is required to estimate a
Cr wvalee for use in liquefaction resistance calculations. Use of good-quality testing
equipment and carefully controlled testing procedures conforming to ASTM D-1686 will
generally yield more consistent energy ratios and Cy. values from the upper parts of the

ranges histed in Table 5.1,

Additional correction factors are required for rod lengths less than 10 m and greater
than 30 m, borehole diameters outside the recommended interval (65 mm to 125 mm), and
sampling tubes without liners. Ranges of correction values for each of these variables are
listed in Table 5.1, Careful documentation of drilling equipment and procedures, including
measurement of ER, is required to select the most appropriate values for these correction
factors. Even so, some uncertainty remains in the actual factors that should apply for any

field operation.

Based the SPT N-value also varies with effective overburden stress, an overburden
siress correction factor is also applied. This factor has commonly been calculated from the

following equation [37]:

Cy=(P1a,)" (5.8)

where Cy 15 a factor to correct measured penetration resistance for overburden pressure and
P, equals 100 kPa or approximately one atmosphere of pressure in the same units used for
T v, applied in this equation should be the overburden pressure that was effective at the
time the SPT test was conducted. Even though the ground water level may have changed
and a different water tuble level applied in the calculation of CSR {(Equation 513, the
correction of blow count requires use of the effective pressures that were effective at the

time of drilling and testing,

The SPT N-vaiue corrected for each of the above variables is given by the following

cuation;
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(Mide = N m(:.-f E:{;{:H{?R(‘TS (5.9)

where Nm is the measured standard penetration resistance, Ce is the correction for hammer
encrgy ratio (ER), CB is a correction factor for borehole diameter, CR is the correction
factor for rod length, and CS is the correction for samplers with or without liners.
Suggested ranges of values for each of these correction factors are listed in Table 5.1,
Selection of appropriate factors from within these ranges requires specific information on

equipment and drilling procedures and engineering judgment.

A final change recommended by workshop participants is the use of revised
magnitude scaling factors rather than the original [35] factors to adjust CRRys to CRR lor
other earthquake magnitudes. Magnitude scaling factors are addressed later in this part of
the report.

3.4 SHEAR WAVE VELOCITY

During the past decade, several simplified procedures have been proposed for the
use of field measurements of small-strain shear wave velocity, Vs, to assess liquefaction
resistance of granular soils [38 through 43]. The use of Vg and CRR are similatly influenced

by void ratio, effective confining stresses, stress history, and geologic age.
3.4.1 CRITERIA FOR EVALUATING LIQUEFACTION RESISTANCE

Robertson et al. [40] proposed a stress-based liquefaction assessment procedure
using ficld performance data from sites in the Imperial Valley, California.  These

investigators normalized Vs by:
VSI :VS{Pa flld-:v)ozj {SIGJ

where Pa is a reference stress of 100 kPa, approximately atmospheric pressure, and o ,, is
ellective overburden pressure in kPa. Robertson et al. Chose to medify Vs in terms of G,
o follow the traditional procedures for modifying standard and cone penetration test
resistances.  The liquefaction resistance bound (CRR curve) determined by these
investigators for magnitude 7.5 earthquakes is plotted on Figure 5.3a along with data

calculated from several field sites where liguefaction did or did not occur. The cyelic stress
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ratios were caleulated using estimates of a. for the larger of two horizontal components of

ground aceeleration that would have occurred at the site in the absence of liquefaction.

Subsequent hquefaction resistance boundaries proposed by Kayen et al, [41] and
Lodge [43] for magnitude 7 earthquakes are shown on Figure 5.3b. These curves are based
on field performance data from the 1989 Loma Pricta earthquake. With few exceptions, the
liquefaction case histories are bounded by the relationships proposed by these suggested
bounds. The relationship proposed by Lodge [43] provides a conservative lower boundary
for liquefaction cuse histories with Vg less than about 200 m/s. The relationship by
Robertson et al. [40] is the least conservative of the three. Professor Ricardo Daobry
suggested a relationship between cyclic resistance ratio and Vs, for constant average cyclic

shear strain, ya, of the form:
CRR=17, 10, = f(7 0 Ws (5.11)

where 7, is constant average shear strain. This formula supports a CRR bound passing
through the origin and provides a rational approach for extrapolating beyond the limits of

the available field performance data, at least for lower values of Vg, (Vs £ 125 m/s),

For higher values of Vs, Andrus and Stokoe [44] reason that the CRR bound
should become asymptotic to some limiting Vg; value, This limit is caused by the tendency
of dense granular soils to exhibit dilative behavior at large strains. Thus Equation 11 is

maodified to:
T, (o, =CRR =a(V /100" +b/ (V) -b/V,, (5.12)

where Vg, 1s the critical value of Vg, which separates contractive and dilative behavior,

and a and b are curve fitting parameters.

Using the relationship between Vy;, and CRR expressed by Equation 5,12, Andrus
and Stokoe drew curves to separate data from sites where liquefaction effects were and
were not observed.  Best fit values for the constants a and b were 0.03 and 0.9,
respectively, for magnitude 7.5 earthquakes. Andrus and Stokoe also deternuned the

tfollowing best-fit values for V..

Vae = 220 m/s for sands and gravels with fines contents less than 5%
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Ve, = 210 m/s for sands and gravels with fines contents of about 20%
Ve, = 200 m/s for sands and gravels with fines contents greater than
35%

Figure 5.4 presents CRR boundaries recommended by Andrus and Stokoe for
magnitude 7.5 earthquakes and uncemented Holocene-age soils with various fines contents.
Although these boundaries pass through the origin, natural alluvial sandy soils with shallow
water tables rarely have corrected shear wave velocities less than 100 m/s, even near ground
surface. For a Vg of 100 m/s and a magnitude 7.5 earthquake, the calcylated CRR is 0.03.
This minimal CRR value is generaily consistent with intercept CRR values for the CPT and

SPT procedures.

Equation 5.12 can be scaled to other magnitude values through use of magnitude

scaling factors. These factors are discussed in a later section,
3.5 MAGNITUDE SCALING FACTORS

In developing the simplified procedure, Seed and Idriss [35) compiled a sizable data
base from sites where liquefaction did or did not ocour during earthquakes with magnitudes
near 7.5. Analyses were made of these data to calculate cyelic stress ratios {CSR) and
(Ni)en values for various sites where surface effects of liquefaction were or were not
observed. Results from clean sand sites (fines content < 5 percent) were plotted on a CSR
versus (Ni)eo plot. An updated version of that plot (Seed et al. [36]} is reproduced in
Figure 5.2. A deterministic curve was drawn through the plot to separate regions with data
indicative of liquefaction (solid symbols) from regions with data indicative of
nenliquefaction (open symbols). Where there was a mixture of duata, the curve was
conservatively placed to ensure that data indicative of liquefaction plot above or to the left
of the bounding curve. This curve, termed the simplified base curve or CRRys curve, is
relatively well constrained by empirical data between CSR of 0.08 and 0.35 and is logically
extrapolated to hgher and lower values beyond that range. As shown in Figure 5.2, the
workshop participants recommend bowing the lower part of the simplified base curve to

intersect the ordinate of the plot at a CRR of about 0.05.



Cyclic Stress Ratio, fav /(v

Figore 5.4 Curves Recommended by
from Corrected Shear Wave Velocity

0.8

0.6

G4

0.2

0.0

62

Stress-Corrected Shear Wave Velocity, &, . gys

I I I | i
Boundaries Defined by:
CRR = a(Vg1/100)? + 14V -V D-1/Vg ] My =75
a=0.03b=09
™ V51¢ = 220 mvs for sands and gravels with FC < 5% =
V51c = 210 o/s for sands and gravels with FC = 204
Y516 = 200 m/s for sands and silts with FC'» 359
Chart Based on;
— Average values of Vo1 a gy
Uncemented, Holocene-age spils
Average ﬁne; content (FC)
i FC 23520 &5 -
)i
il
)
(|
) Liquefaction I
|
- No -
Liquefaction
.-—-ﬂ=—.-l - il ! L
Q0 100 200 300

Workshop fﬁr Cailculation of CRR
(Summary report, [32] )



63

To adjust the simplified base curve to magnitudes smaller or larger than 7.5, Seed
and [driss [35] introduced correction factors called “magnitude scaling factors” These
factors are used to scale the simplified base curve upward or downward on the CSR versus
(NiJeo plot. Conversely, magnitude weighting factors, which are the inverse of magnitude
scaling factors, may be applied to correct CSR for magnitude. Either correcting CRR via
magnitude scaling factors, or correcting CSR via magnitude weighting factors, leads to the
same final result. Because the original papers by Seed and Idriss were written in terms of

magnitude scalmg factors, the use of magnitude scaling factors is continued in this report.

To illustrate the influence of magnitude scaling factors on caleulated hazard, the
equation for factor of safety (FS) against liquefaction can be written in terms of CRR, CSR,
and MSF as follows:

1S = (CRR,, | CSRYMSF (5.13)

where CRR7; is the cyclic resistance ratio determined for magnitude 7.5 earthquakes using
Figure 5.2 or Equation 5.4 for SPT data or Figure 5.4 or Equation 5.12 for Vs, data.
Equation 5.13 demonstrates that the factor of safety against development of liquefaction at

a site 1s directly proportional to the magnitude scaling factor selected.
Sced and ldriss [35] Scaling Factors

Because of the limited empirical data available in the 1970s, Seed and. ldriss [35)
were unable to narrowly constrain bounds between liquefaction and nonliquefaction regions
on CRR plots for magnitudes other than 7.5. Consequently, they based their scaling factors
on representative loading cycles and laboratory test results. From a study of strong-motion
accelerograms, the number of representative loading cycles generated by an earthquake was
correlated with earthquake magnitude. For example, magnitude 7.5 earthquakes were
characterized by 15 loading cycles, whereas, magnitude 8.5 earthquakes were characterized
by 26 loading cvcles, and magnitude 6.5 earthquakes by 10 loading cycles. Second,
laboralory tests were conducted to measure the number of loading cycles required to
generate liquefaction and five percent cyclic strain. Laboratory tests were conducted using
a varicty of clean sands, void ratios, and ambient stress conditions. From these tests, a
single representative curve was developed that relates cyclic stress ratio to the number of

loading cycles required to generate liquefaction (Figure 5.5). By dividing CSR values from
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this curve for various numbers of cycles, representative of various earthquake magnitudes,
by the CSR for 15 cycles {magnitude 7.5), the initial set of magnitude scaling factors was
derived. These scaling factors are listed in Column 2 of Table 5.2 and are plotted on Figure
5.6. These magnitudes scaling factors have been routinely applied in engineering practice

since their introduchon in 1982
Idriss Scaling Factors

In preparing his HB. Seed memorial lecture, T.M. 1driss reevaluated the data that he
and the late Professor Seed had used to calculate the original 1982 magnitude scaling
factors. In so doing, Idriss re-plotted the data on a log-log plot and found that the data
plotted as a straight line. He further noted that one outliner point had strongly influenced
the original analysis, cansing the original plot to be nonlinear and characterized by unduly
low values for magnitudes less than 7.5. Based on this reevaluation, Idriss defined a new
set of magnitude scaling factors, These factors are listed in Column 3 of Table 5.2, plotted
ot Figure 5.6 and are defined by the following equation:

MSF = 1072 [ pr% (5.14)

Idriss recommends these revised scaling factors for use in engineering practice in place of

the original factors.

The revised scaling factors are significantly larger than the original scaling factors
for magnitudes less than 7.5 and somewhat smaller than the original factors for magnitudes
greater than 7.5. Relative to the original scaling factors, the revised factors lead to a
reduced caloulated liquefaction hazard for magnitudes less than 7.5 and increased calculated

hazard for magnitudes greater than 7.3,
Andrus and Stokoe Scaling Factors

From their studies of liquefaction resistance as a function of shear wave velocity, v,
Andrus and Stokoe (Summary report [32]) developed Equation 12 for calculating CRR
from V, for magnitude 7.5 earthquakes. Using this equation, Andrus and Stokoe drew
curves on graphs with plotted values of CSR as a function of Vs, from sites where surface
effects of liquefaction were or were not observed. Graphs were plotted for sites shaken by

magnitude 6, 6.5, 7, and 7.5 earthquakes. The positions of the CRR curves were visually
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adjusted on each graph until 2 best fit bound was obtained. Magnitude scaling factors were
then estimated by taking the ratio of CRR for a given magnitude to the CRR for magnitude

7.3 earthquakes. These MSF were then fitted to the following exponential fianction.
MSF = (M /757 (5.15)

Values for magnitude less than 6 and greater than 7.5 were extrapolated from this
equation. MSF values from this analysis are listed in Colume 7, Table 5.2, and plotted on
Figure 5.6, For magnitudes less than 7.5, the MSF proposed by Andrus and Stokoe are
rather ¢lose In value (within about 5 percent) to the MSF proposed by Ambraseys. For
magnitudes greater than 7.5, the Andrus and Stokoe MSF are slightly smaller than the
revised MST proposed by Idriss.

Youd and Noble Scaling Factors

Youd and Noble [34] used a logistic analysis to analyze case history data from sites
where cffects of liquefaction were or were not reported following past earthquakes. This

analysis vielded the following probabilistic equation:

Logit(1,) = In(P,) = —7.633 + 2.256M , —0.258(N, )., +3.095InCRR (5.16)

where P i3 the probability that liquefaction occurred, 1-P is the probability that
liquefaction dw not occur, and (N1 ). is the corrected blow count, including the correction
for fines content. Youd and Noble recommend direct application of this equation to
calculate the CRR for a given probability of Hquefaction occurrence. In lien of direct
application, Youd and Noble define MSF for use with the simplified procedure. These MSF
were developed by rotating the simplified hase curve to near tangency with the probabilistic
curves for PL of 50%, 32%, and 20% and various earthquake magnitudes. These MSF are
defined as the ratio of the ordinate of the rotated base curve at the point of near tangency to
the ordinate of the unrotated simplified base curve at the same (N ). Because the rotated
simplificd base curves hie entirely below the given probability curve, CRR calcuiated with
these MSF are characterized by smaller probability of liquefaction occurrence than the
associaled probabilistic curves, Thus the MSF listed in Columns 8, 9, and 10 {Table 5.2),
arc denoted by P, <50%, P<32%, and P, <20%, respectively. Because the derived MSF are
less than 1.0, Youd and Neble do not recommend use of MSF for PL<32% and P, <20% for



Table (5.2): Magnitude Scal

ing Factor Values Defined by Various Investigators
(Summary report, 321 )
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Mag- | Seed | Idriss | Ambra- Arango Andrus Youd and Naoble
nitude, | and 5EYE (1996) and {thiz report)
M Idriss {1988} Stokoe
{1932} {in press)
Py = M= P <
20% | 32% | 50%
(L) 2) (3) {4 (5) (6) (7 {8) & | (19
55 1.43 2.20 286 3.00 2,20 2.8 286 | 342 | 444
6.0 1.32 1.7& 2.20 2.00 1.65 2.1 194 | 235 | 2.92
4.3 1.1% 1.44 1.69 1.60 1.44) 1.6 1.34 1.66 L.09
1.0 1.08 119 1.30 1.25 110 1.25 1.00 1.20 | L.39
1.5 1.00 1.00 1.00 1.0 1.00 1.00 1.00
2.0 0,94 (.84 0.67 0,75 L85 0.87 0,737
8.5 0.89 0,72 0.44 (.657 0.54?
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carthquakes with magnitudes greater than 7.0. Equations for defining the Youd and Noble
MSF are listed below.

Probability, P, < 20% MSF = 10**''M*® ForM <7 (5.17)
Probability, Pr, < 32% MSF = 10"™/M'® ForM <7 (5.18)
Probability, Pr. < 50%MSF = 10"*M*®'  For M <7.75 {5.19)

Ambraseys Scaling Factors

Field performance data collected since the 1970s for magnitudes less than 7.5
indicate that the original Seed and Idriss [35] scaling factors may be overly conservative.
For example, Ambraseys [45] analyzed liquefaction data compiled through the mid-1980s
and plotted calculated cyclic stress ratios for sites that did or did not liquefy on CSR versus
(NiJeo plots. From these plots, Ambraseys developed empirical exponential equations that
define CRR as a function of (N} and moment magnitude, Mw. By holding the value of
{Ni)Jso constant in the eguations and taking the ratic of CRR determined for various
magnitudes of earthquakes to the CRR for a magnitude 7.5 earthquakes. Ambraseys
derived the magnitude scaling factors listed in Column 4 of Table 5.2, These factors are
2130 plotted on Figure 5.6. For magnitudes less than 7.5, the MSF supgested by Ambraseys
are significantly greater than both the original factors developed by Seed and Idriss (Column
2, Table 5.2) and the revised factors by Idriss (Column 3). Because they are based on
observational data, these factors have validity for estimating liguefaction hazard; however,
they have not been widely used in engineering practice. Conversely, for magnitudes greater
than 7.5 , Ambraseys factors are significantly lower than the original {Seed and Idriss, [35])
and ldriss’s revised scaling factors. Because there are little data to constrain Ambraseys’
scaling factors for magnitudes greater than 7.5, these factors are uncertain, are likelv overly

conservative, and are not recommended for engineering practice.
Arango Scaling Factors

Arango [46] developed two sets of magnitude scaling factors. The first set (Column
5, Table 5.2) 15 based on farthest observed liquefaction effects from the seismic energy
source, the estimated average peak accelerations at those distant sites, and the absorbed

seismic energy required to cause liquefuction. The second set {Column 6, Table 5.2) was
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developed from energy concepts and the relationship derived by Seed and Idriss [35]
belween numbers of significant stress cycles and earthquake magnitude. The MSF listed in
Column 5 are similar in value {within about 10%) to the MSF of Ambraseys {Column 4),
and the MSF listed in Column 6 are similar in value (within 6%) to the revised MSF
proposed by ldriss (Column 3).

56 RECOMMENDATIONS FOR ENGINEERING PRACTICE

The workshop participants reviewed the MSF listed in Table 5.2 and all but one
(8.8.C. Liao) agree that the original factors were too conservative and that an increase is
warranted for engineering practice for magnitudes less than 7.5, Rather than recommending
a single set of factors, the workshop participants suggest a range of MSF with the engineer
allowed to choose factors from within that range requisite wilh the conservatism required
for the given application. For magnitudes ltess than 7.5, the lower bound for the
recommended range is the revised set of magnitude scaling factors proposed by Idriss
{Column 3, Table 5.2, or Equation 5.12). The upper bound for the suggested range is the
MSF proposed by Andrus and Stokoe (Column 7, Table 5.2, or Equation 5.15). The upper
bound values are consistent with MSF suggested by Ambraseys, Arango, and Youd and
Noble for Pr.<20% (generally within about 10 percent).

For magnitudes preater than 7.5, the factors recommended by Idriss (Column 3,
Table 5.2, Equation 5.14 should be used for engineering practice. Above magnitude 7.5,
these factors are smaller than the original Seed and Idriss [35] factors, and hence application
of the new factors leads to increased caleulated liquefaction hazard compared to the original
factors. The reasoming for this recommendation is that the original factors by Seed and
Idriss [35] may not have been sufficiently conservative for magnitudes preater than 7.5.
There are insufficient casc history data for earthquakes with magnitudes greater than 8 to
support use of the lower MSF values hsted in Table 5.2. These lower values were generally
extrapolated from smaller magnitude earthquakes. Thus, these more conservative MSF are

not recommended for engineering practice,
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57 CORRECTIONS FOR HIGH OVERBURDEN PRESSURES,
STATIC SHEAR STRESSES, AND AGE OF DEPOSIT

The correction factors K and K, were developed by Seed [47] to adjust cyciic
resistance ratios (CRR) to static overburden and shear stresses larger than those embodied
in the development of the simplificd procedure. As noted, the simplified procedure is only
valid for level to gently sloping sites (low static shear stress) und depths less than about 15
m (low overburden pressures). The K, correction factor extends cyclic ratios to high
overburden pressures, while the K, correction factor allows extension of the simplified
procedure to more steeply sloping ground conditions. Because there are virtually no case
histories available to help define these correction factors, the results from laboratory test

programs have been used to develop corrections for engineering practice.
K. Correction Factor

Cyclically loaded, isotropically consolidated triaxial compression tests show that
while liquefaction resistance of a soil increases with increasing confining pressure, the
resistance, as measured by the cyclic stress ratio, i3 a nonlinear function that decreases with
increased normal stress. To incorporate the nonlinear effect of decreasing cyclic stress ratio
with increasing confining pressure, Seed [47] recommended incorporation of a correction
factor, Kq, for overburden pressures greater than 100 kPa, This factor allows correction of
results obtained from the simplified procedure to overburden pressures that are greater than
those generally found in the observational data base from which the procedure was derived.
Because of the lack of case history data, extrapolation of the simplified procedure to depths
greater than 15 m using K, factors yields results, such as factors of safety, that are less

certain than at shallower depths,

The K, values developed by Seed [47] were obtained by normalizing cyclic
resislance ratios of isotropically consolidated cyclic triaxial compression tests to CRR
values associated with an effective confining pressure of 100 kPa. For confining pressures
greater than 100 kPa, the K, correction factor 15 less than one and decreases with increasing
pressure. The original analyses by Seed [47] vielded a band of suggested K, factors that
decreased approximately linearly with effective overburden pressure from a value of 1.0 at
100 kPa to values ranging from about 0.40 to 0.05 at 800 kPa (Figure 5.7} Seed and



71

0.3

0.6

0.4

HERERIEES
o ZeCttowa Sand Br=70 LLOTSF = 96 kPa |
0 1 2 3 4 5 6 7 g8 9 0

Effective Confining Pressure (tsf)
Figure 5.7:  K_values determined by varions investigators (After Seed and Harder, [48])

1.2

1

K, 0.8 \\

[1.0 TSF = 56 kPa

¢ 1 2 3 3 35 & 7 8§ 9 10
Effective Confining Pressure (tsf}

Figure 5.8: Minimum Values for K, Recommended for Clean and Silty Sands
and Gravels (After Harder and Boulanger, [52]2.




72

Harder [48] analyzed additional data and sugpested generally lower values that are defined
by a single concave curve with a K value of 0.44 at an effective confining pressure of 800
kPa. Vaid et al. [49] and Vaid and Thomas [50] performed constant-volume eyclic simple
shear tests on clean sands and derived smaller decreases in K,. From tests on mine-tailing,
Ottawa, and Frazer Delta sands (Figure 5.7), several investigators {Byrne and Harder, [51];
Arango, [46]) caleulated values for K, ranging from about 0.75 to 0.90 for cffeciive
averburden pressures of 1,000 kPa to minimal values of 0.67 for effective overburden
pressures as great as 2,600 kPa.  These analyses indicate that lower relative densities
generally produced higher K. valves. The various analyses confirm the considerable

variability in derived K. values, and that the factors developed by Seed and Harder were

overly conservative,

Based on the above discussion and a review of test results presented by Harder and
Boulanger [52], the workshep participants gained censensus that the Seed and Harder K,
values were too conservative and that an increase is recommended for general engineering
practice. Bascd on this review, the workshop recommended K, values represented by the

curve in Figure 5.8 as minimal values for engineering practice for both clean and silty sands

and for gravels.
K Correction Factor for Sloping Ground

Sloping ground induces static shear within the body of a soil mass before the onset
of earthquake shaking. The relative magnitude of the static shear, 1,, on the horizontal
plane can be assessed by normalizing it with respect to the effective vertical stress, o'u,.
The resulting parameter is called the alpha ratio, where o = /o’ For level ground
conditions, the alpha ratio is zero, Early researchers suggested that the presence of a static
shear stress always improved the cyclic resistance of a soil because higher cyclic shear
stresses were required to cause stress reversal. This conclusion is true for dense soils under
relatively low confining pressures. However, loose soils and some soils under high
confining pressures have lower liquefaction resistance under the influence of initial static
shear stresses than in the absence of these stresses. This behavior is due to the potential

strain softening nature of very loose soils,
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Ta incorporate the effect of static shear stresses on liquefaction resistance of soils,
Seed [47] recommended use of a correction factor K, This factor is used to correct results
oblained from the simplified procedure for level ground to slopmg pround sites with

constant stalic shear stress.

For the workshop Harder and Boulanger [52] reviewed past publications, tests, and
analyses relative to Ko They concluded that the wide ranges in petential K., values
developed by past investigators indicate a lack of consensus and a need for continued
research and field verification of the effects of static shear stress on liquefaction resistance.
Different rates of pore pressure generation and different limiting values for excess pore
pressure at different locations within a slope make liquefaction analyses for sloping ground

conditions extremely complicated.

The workshop participants agreed that the evaluation of liquefaction resistance
beneath sloping ground or embankments (slopes greater than about six percent) is not well
understood and that such evaluations are beyond rountine application of the simplified
procedure. Although curves refating K. to o have been published (Harder and Boulanger),
the participants concluded that general recommendations for use of K, by the engineering

profession is not advisable at this time.
Influence of Age of Deposit

Several investigators have shown that liquefaction resistance of soils increases with
age. For example, Seed [32] observed significant increases in liquefaction resistance with
age of reconstituted sand specimens tested in the laboratory, Cyclically loaded tests were
conducted on freshly reconstituted sand specimens and on similar sand specimens at periods
ranging up to one hundred days. Increases of as much as 25 percent in cyclic resistance
ratio were noted between the (reshly constituted and the 100-day-old specimens. Youd and
Hoose [54] and Youd and Perkins [28] note that fiquefaction resistance increases markedly
with geologic age. Sediments deposited within the past few hundred years are generally
much more susceptible to liquefaction than older Holocene sediments; Pleistocene
sediments are even more resistant; and Pre-Pleistocene sediments are essentially

insusceptible to liquefaction. Although qualitative increases in liquefaction resistance have
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been well documented insufficient quantitative data have been assembled from which

correction tactors for age can be defined.

The age, and concomitantly the liuefaction resistance, of naturally sedimented
deposits generally increases with depth. In natural soils, this increase may partially or
wholly counteract the influence of the K, factor which generates an apparent decreases in
liquefaction resistance with depth. Tn the absence of quantitative correction factors for age,
engineering judgment is required in assessing liquefaction resistance of sediments older than
a few thousand years old, knowledgeable engineers have ignored the K. factor as partial
compensation for unquantifiable, but known increases in liquefaction resistance with age.
For man-made structures, such as thick fills and embankment dams, aging effects are

genetally minimal and should be ignored in caleulating liquefaction resistance.

Appheation of the simplified procedure for evaluating liquefaction resistance
requires estrmates of earthquake magnitude and peak horizontal ground acceleration. In the
pracedure, these factors characterize duration and intensity of ground shaking, respectively.
The workshop addressed the following questions with respect to selection of magnitude and

peak acceleration,
5.8 EARTHQUAKE MAGNITUDE

Records from past earthquakes indicate that the relationship between duration and
magnitude is rather uncertain and that factors other than magnitude influence duration. For
example, unilateral faulting, in which rupture begins at one end of the fault and propagates
to the other, usually produces longer shaking duration for a given magnitude than bilateral
faulting, in which slip begins near the midpoint on the fault and propagates in both
directions. Duration also generally increases with distance from the seismic energy source
and may vary with site conditions and with bedrock topography (basin effects). The
workshop addressed the following questions with respect to the use of magnitude as an

mdex for shaking duration, and developed the following consensus answers,

Question: Should correlations or correction factors be developed to adjust duration of

shaking to account for the influence of earthquake source mechanism and other factors?
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Answer: laulting characteristics and variations in shaking duration are difficult to predict
in advance of an earthquake event. The influence of distance is generally of secondary
importance within the range of distances to which potentially damaging effects of
hquefaction commonly develop. Basin effects are not yet sufficiently predictable to be
adequately accounted for in engineering practice. Thus workshop participants recommend
continued use of conservative relationship between magnitude and duration embodied in the

simplified procedure for routine cvaluation of liquefaction resistance.

Question: Which magnitude scale should be used by engineers in selecting a magnitude for

use in liquefaction resistance analyses?

Answer: Seismologists commonly calculate earthquake magnitudes using five different
scales: (1) local or Richter magnitude, My; (2) surface-wave magnitude, M,; short-period
body-wave magnitude my,; (4) long-period body-wave magnitude mp and (5) moment
magnitude, M,. Moment magnitude i3 the scale most commenly used for engineering
applications and is the scale preferred for calculation of liquefaction resistance. As shown
on Figure 5.9, magnitudes from other scales may be substituted directly from Mw within the
following limits: My, < 6, mp < 7.5, and 6 < M, < 8. M,, a scale commonly applied in the
eastern US, may be used for magnitudes between 5 and 6, provided such magnitudes are

corrected to M, using the curves plotted in Figure 5.9 (Tdriss, {55]).
3.9 PEAK ACCELERATION

In the simplified procedure, peak horizontal acceleration (An.) is used to
characterize the intensity of ground shaking. To provide guidance for estimation of a.., the

workshop addressed the following questions.

Question:  What procedures are preferred for estimating ane. at potentially liquefiable

sites?

Answer: The following three methods, in order of preference, may be used for estimating

B

(1) The preferred method of estimating ag,, at a site is through application of empirical
correlations for attenuation of a,.. as & funciion of earthquake magnitude, distance

from the seismic energy source, and local site conditions, Several correlations have
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been developed for estimating an.. lor sites on bedrock or stiff to moderately stiff
sotls. Preliminary attenuation relationships have also been developed for soft soil
sites (Idriss, {36]). Selection of an attenuation relationship shoutd be based on

factors such as region of the country, type of faulting, site condition, etc.

{(2)  For soft sites and other soil profiles that are not compatible with available
attenuation relationships am,. may be estimated from local site response analyses,
Computer programs such as SHAKE, DESRA, eftc., may be used for these
calculations. Input ground motions in the form of recorded accelerograms are
preferable to synthetic records. Accelerograms derived from white noise should be
avoided. A suite of plavsible earthquake records should be used in the analyses,
including as many records as feasible from earthquakes with similar magnitudes,

source distances, eig.

(3)  The third and least desirable method for estimating peak ground acceleration is
through amplification ratios, such as those developed by Idriss [56, 58], Seed et al.
[59], and NEHRP [60]. These factors use a multiplier or ratio by which bedrock
outcrop motions are amplified to estimate motions at ground surface. Because
amplification ratios are influenced by strain level, earthquake magnitude, and
perhaps frequency content, caution and considerable engineering judgment are

required in the application of these relationships.

Question: Which peak acceleration should be used? (a) the largest horizontal acceleration
recorded on a three-component aceelerogram; (b) the geometric mean (square root of the
product} of the two maximum horizontal components; or (c) a vectorial combination of

hornizontal accelerations.

Answer: According to ILM. Idnss {oral communication at werkshop), where recorded
motions were available, the larger of the two horizontal peak components of acceleration
were used in the original development of the simplified procedure. Where recorded values
were not available, which was the circumstance for most sites in the data base, peak
acceleration values were estimated from attenuation relationships based on the geometric
mean of the two orthogonal peak horizontal accelerations. In neatly all instances where
recorded motions were used, the peaks from the two horizontal records were approximately

equal. Thus where a single peak was used that peak and the geometric mean of the two
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peaks were about the same value.  Based on this information, the workshop participants
concurred that use of the geometric mean is more consistent with the derivation of the
procedure and is preferred for use in engineering practice. However, use of the larger of
the two orthogonal peak accelerations would be conservative and is allowable, Vectorial
accelerations are seldom calculated and should not be used. Peak vertical accelerations are

ignored for caleulation of liquefaction resistance.

Question: Liquefaction usvally develops at soil sites where ground motion
amplification may oceur and where sediments may sofien as excess pore pressures develop.

How should mvestigators account for these factors in estimaling peak acceleration?

Aunswer; The procedure recommended by the workshop is to calculate or estimate a
peak acceleration that incorporates the influence of site amplification, but neglects the
mfluence of excess pore-water pressure.  Simply stated, the peak acceleration to be used in
liguefaction resistance evaluations is the peak horizontal acceleration that would have
occurred at ground surface at the site in the absence of increased pore-water pressure or the

occurrence of hiquefaction,

Question: Should high-frequency spikes (periods less than 0.1 sec) in acceleration

records be considered or ignored?

Answer: In general, short-duration, high-frequency acceleration spikes should be
ignored for hquefaction resistance evaluations. By using attenuation relationships for
estimation of peak acceleration, as noted above, high frequency spikes are essentially
ignored because few high-frequency peaks are incorporated in data bases from which
attenuation relationships have been derived. Similarly, ground response analyses programs
such as SHAKE and DESRA generally attenuate or filter out high-frequency spikes,
reducing their influence. Where amplification ratios are used engineering judgment should

be used to determine which bedrock accelerations should be amplified.
3,10 RESULTS OF LIQUEFACTION EVALUATION

We have written a Computer Program based on the updated simplified procedure to
perform liquelaction analysis. Factor of safety, F.5., against liquefaction at a point in a soil

deposit is defined by the ratio of cyclic resistance (CRR) to the cyelic stress {CSR) induced
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by the design earthquake. Soil deposits with F.S. < | are marked as liquefiable. We
selected the maximum likely earthquake for each city in the study area. Published ground
motion attenuation relationships were used to estimate peak horizontal ground accelerations
for the earthquakes selected. A summary of the earthquake parameters used in liquefaction

evaluation for each city in study area is listed in Table 5.3.

Standard Penetration (SPT) and shear-wave velocity (VS) measurements conducted
in study cities and reported in Appendices (B & F) were interpolated by the liquefaction

analysis program.

Liquefaction analysis using the simplified procedure indicates that the majority of the
liquefiable sediment layers are in the sabkha of Jizan city at different depths from ground

surface as shown in Table 5.4. The liquefaction evaluation results are listed in Appendix C.



Tahle (5.4): Depth Ranges of Liguefiable Layers in Study Cities

City Site # Drepth Range (m)

Hagq] 6 4-450
6 11.2-14.3

Al-Wajh 3 0-13

3 34-122
3 18.2-15.8

Jizan i 0.90 —12.00
2 1.20-930
3 1.20-9.30
4 320-470
4 9.00-9.90
5 2.40 - 20.00
6 2.30-2090
7 0.0 -8.00
g 0.40-0.70
9 1.50 -23.10
10 Q.70 - 10.20
11 0.0 - 2200
12 0.70 - 20.50
14 0.00 - 14.10

81
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 SUMMARY OF SWV RESULTS

The field measurements of the shear wave velocity (SWV) profiles presented in set
of figures in Appendix (F) are summarized here in tabulated forms for the analysis
purpose. The results are presented in the following tables according to city order in the
field tests: Table 6.1 for City of Haql, Table 6.2 for City of Alwajh, Table 6.3 for City of
Yanbu, Table 6.4 for City of Jeddah, and Table 6.5 for City of Jizan. Each table includes a
data set of SWV depth profile of each site tested in the respective city. For each data set,
the data are organized in columns indicating depth {D) in m up to the bottom of the

respective layer, SWV [Vs) in m/s, and layer thickness in m, respectively.

Depth’s limit shown is 30 m in accordance with the proposed site classification method of
the NEHRFP [11] which explained earlier in Section 1.2 of Chapter 2. The bottem of each
data set shows the respective average SWV to 30 m depth computed as the average of the

layered SWYV inverse values, as illustrated later by equations 6.1 and 6.2,
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6.2 NEHRP SOIL PROFILE CLASSIFICATION

As per NEHRP [11] recommendations cxplained in Chapter 2, the Seismic Soil
Profile Classification (Site Class) is defined in terms of a weighted average of SWV (Vs),

which can be computed for the top 30 m as follows:
11
2.4
E _ |.=J.
8 i d (6.1)
i=1 ¥ui
Where, the symbel i refers to any one of the layers between 1 and n, V,; is the SWV and d;

is the depth of the respective layer, in consistent units.

If SWV data is unavailable, NEHRP also recommends similar classification based

on weighted average of Standard Penetration Test (SPT) data for all sail types {ﬁ), and

untrained shear strength data for cohesive soil deposits (8,). Based on layered properties to

30m depth,ﬁ is computed as follows;

i
34
:1 =1
>

1=1

N = (6.2)

[

|
i

Where, N;; is SPT of the respective layer.

Sites arc classified based on the critena shown in Table 6.6, that are fully adopted in the
UBCY7 [12], and IBC2000 [13]:



Table 6.6 NEHRP Soil Profile Type Classifications

9%

AYERAGE SOIL PROPERTIES IN TOP 30 m.
Site Soil  Profile
Class | Name Soif Shene W Unconlned  Soil  Shear
oif Shear Wave ™
o SPT,N Strength, S, (kPa}
Velocity, V§ (m/fs)
Hard Rock > 1,500 not applicable | not applicable
B Rock 760 o 1,500 not applicable | not applicable
C Yery  Dense | 360 to 760 -
Boil and Soft > 5 =104
Rock
I Stiff Soal 180 to 360 15 to 50 30 to 100
E Soft Soil < 18 <15 < Al}
* 1-Liquefiable soils, quick and highly sensitive clays, collapsible weakly cemented soils
F 2-Layers of prats andfor highly organic clays with thickness (H) of more than 3 m.
3-Very high plasticity clays (1> 75) with H > (8 m)
4-Very thick, soft/mediom stiff clays with H = {36 m)

6.3 DISCUSSION ON THE RELIABILITY OF SWV
MEASUREMENTS

In noninvasive testing, there 15 always the issue of valid comparisens with direct
measurement methods. It is well accepted that cross-hole shear wave velocity (SWV)
measurement is the only method to provide accurate comparisons for the CXW tethod.
Drown-hole SWV measurements can be useful for such comparison; however, they are less
precisc and more operator-subjective than the cross-hole measurements, However, the cost
of such comparisons is prohibitive in most cases. It was excluded from the project plan
because of the limited budget allocated for the project. Moreover, we believe that such
¢omparisons may not be necessary because CXW has been thoroughly investigated.

Many investigators have used the CXW database available in more than 400 sites in Japan,
Cabfornia, New York, Alaska, and Hawaii for site-specific selsmic response studies. In
Japan, there is a database that includes more than 20 sites where comparative cross- and
down-hole SWV measurements were obtained to depth of 30 m m several different
geologic formations. The Japanese Ministry of Construction (JMC) in March 1997 used
this database for approving the CXW method as a standard method. The JMC certification
in Japan is similar to test methods such as American Society of Testing and Materials
{ASTM) Based on recent CXW results from Japan and Alaska, the CXW has been
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proposed as a standard method and it is now being considered for adoption by ASTM
Committeg D18 (ASTM STP 1350, January 1998). Several independent rescarchers show
good correlation of CXW results with direct SWV measurements. Park and others [60]
used CXW to map seismic site response in Southern California. Nath and others [61]
showed very good correlation between CXW and direct SWV measurements.

In the present study, soil profiles classified based on the CXW results were checked
using the vesults of the bore -hole tests conduced in cities of Hagl and AlWajh, and are

reported in the Chapter 4. The soil profiles in these sites were checked under the NEHRP’
concept of using (ﬁ} as an alternative criterion for definition of soil profile in case SWV

data is not available In this context, V&, and N were calculated in accordance with

equations 6.1 and 6.2 respectively for 5 sites in each city of haql and Alwajh. They were
then used to classify the soil profiles based on the criteria of Table6 6. Table 6.7 shows that

site classes that are defined based on N, are either consistent or more conservative than

those based cm?s . This is expected as per the commentary of NEHRP [62] as it states the

following:

Table 6.7 Comparisons Between Definitions of Soil Profiles in Cities of Hagl
and Alwijh

Deefinition Based on SWV | Definition Based on SPT
City Sites No. | y7¢ 2 | Site Class’ N Site Class’
1 417 C 66 C
2 374 C 73 C
Hagql 3 391 C 100 C
4 474 C 100 C
5 450 C 43 D
1 538 C 56 C
2 635 C 48 D
Alwagh |3 220 D 8.4 E
4 446 C 81 C
5 416 C 3l D

* See Table 6.6
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“Use of Geotechnical Parameters Instead of Vs: Based on the studies and
observations discussed above, the site categories in the 1994 prowvisions are defined in
terms of the average shear wave velocity in the top 100 ft {30.5 m) of the profile, Vs. If
the shear wave velocities are available for the site, they should be used. However, in
recogmtion of the fact that in many cases the shear wave velocities are not available,

alternative definitions of the site categories also are included in the 1994 provisions. They

use the standard penetration resistance for cohesion less soil layers and the undrained shear

strength for cohesive soil layers. These alternative definitions are rather congervative since

the correlation between site amplification and these geotechnical parameters is more
uncertain than that with Vs . -=-n-mex- - Also, the reader must not interpret the site category

definitions as implying any specific numericat correlation between shear wave velocity on
the one hand and standard penetration or shear strength on the other”.

Based on the above discussion, it seems that measurements of SWV obtained using
CXW method are reliable encugh to be utilized for seismic classifications of the soil

profiles of the study sites.

6.4 SEISMIC SOIL CATEGORIES OF THE STUDY SITES

As per the NEHRP provisions discussed above, the soil profiles of the study sites

were classified and hsted in Table 6.8. The classes’ definitions of Table 6.6 were used

based on Vs values given in Tables 6.1 to 6.5,
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Table 6.8 Seismic Soil Categories of the Study Sites

Haql City Wajh City | Yanbu City | Jeddah City | Jizan City N
“Site® Class || Site | Class | Site | Class | Site { Class | Site | Class |
1 s¢ |1 [sCc |1 [sc f1 [SB 1 [sD?
2 sSC 2 SC 2 SC 2 SC 2 SD7?
3 sSC 3 SD? |3 SB 3 SC 3 SD?
4 sC 4 sC 4 SC 4 SC 4 SD?
5 sSC 5 SC 5 SC 5 SC 3 SD?
6 SD? |6 SC 6 SC 6 sC 6 SD?
7 SC 7 SC 7 SC 7 SC 7 sSC
8 SC 8 SB g sC 8 SC 8 SB
* Sec Appendix A || O SC 9 8C 9 SB G sSD?
for 5its” Locations

10 | S8C 10 | 8C 10 ISB 14} 8D?

7 Results of the liquefaction study presented in | 11 | SD?

Chapter 6 indicate that these sites have high

potential of liguefaction, This may justify 12 | 3D

classifying these sites to softer soil such az SE or 13 1 8C

even SF. These sites therefore require site-

specific geotecchnical ovaluation, cspecially for {14 | SD7

buildings that are classified as special or

essential in the seismic design code.

6.5 SITE COEFFICIENTS

Site coefficient, as an amphfication index of the site-specific design ground motions, was
calculated for each site as per the recent Two-Factor approach of NEHRP [11] that
recoghizes the non-hngarity of the soil factors. This approach assigns two coefficients for a
specific site; shori-period site coefficient (Fy), and long-period site coefficient (F,). Tt has
been adopted in NEHRP since 1994 and is based on recommendations of
NCEER/SEAOQC/BSSC Site Response Workshop mentioned in Chapter 2. Both F. and F,
are functions of site conditions and shaking intensity, NEHRP 1994 provisions defined the
shaking intensity by, the effective peak acceleration (AJ), and the effective peak related
acceleration (A,) for Fa and F, respectively. In UBC1997, the shaking intensity is defined
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by the seismic zone factor (Z) that is assigned for the respective city, and F, and F, are not
used directly. In this code, two seismic coefficients C, and C, are used as direct input of
respectively, the short period and long period design ground motions. These coefficients

are conceptually based on the following NEHRP formulas:
Ci=A,F.and C.=AFv , where both A, and A, are considered to be equal to Z

In tins study, UBC1997 provisions were emploved to determine values of C, and C,, and
are sununarized in Table 6.9, as functions of the site profile class and Z of the respective

city. Values of Z were based on the outcome of the research project AR-9-31 [17).

Table 6.2 Seismic Site Coefficients of the Study Sites

Hagl City WajhCity Yanbu City Jeddah City Jizan City
Z=0.2 Z=0.075 Z0.075 Z=0.15 Z-0.2
Site* | €, [C,|Site| C. [CfjSite] C, [C,[Site] C. |C.| Site [ C. | Cy
1| 024 [032] 1 [009[0.13] 1 | 009 (013 1 {015 [0.18] 17 | 034 [0.64
2 | 024 033 2 [009 0.3 2z 005013 2 |08 [025] 27 | 034 |0.64
3 | 0.24 [032] 37 | 0.19[026] 3 | 0.08 [0.08] 3 | 0.1% [0.25] 37 | 034 0.6
4 | 024 [032] 4 | 009013 4 | 002 [0.03] 4 [0.18 [025] 47 | 034 |064
5 | 024 032 5 009 [0.13] 5 |002013] 5 [0.18 [025] 57 | 034 |064
67 | 0.34 [064] 6 | 009013 & |0.00(0.13] 6 | 018|025 & | 034 |0.64
7 | 024 |032] 7 |009[6.13] 7 | 009 {0.13] 7 | 018 [025] 7 | 0.24 [0.32
§ | 024 [032] 8 |0.08|0.08] 8 |000]013] 8 |08 [025] 8 | 0.20 [0.20
* Scc Appendix A | 9 | 0.09 [0.13] 9 |o09 o3| 9 | 015 |0.15] 97 | 0.34 |0.64
for Sits” Locations | — 15555 16,13 10 | 0.09 [o.134 10 [ 005 [0.13] 107 | 034 [0.64

class SE instead of SD that was assigned for such sitcs 37T 034 lo6d
Table 6.5. This conservative assumption was made fo ' )
account for the susceptibilly of these sites t{;l 12 | 024 (032
liquefaction. Moreover, as mentioned in the footer o

Table 6.8, these sites require site-specific evaluation fo 147 | 034 10.64
soil class SF, cspecially for buildings that are classified
as special or cssential in the seismic design code.

* These values were caleunlated considering seal pmﬁi[el{ 1y | 034 |0.64
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CHAPTER 7

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1  SUMMARY

This Final Report (Part 1-main Report and Part 2- Appendices) of the research
project AR-14-77 culminates the study reported earlier in six progress reports. The idea of
this study is to initiate and explore the concept of the seismic microzonation of selected
cities in the Kingdom of Saudi Arabia (KSA). Microzonation (the site-specific seismic
zonation) has long been recognized as the most appropriate and economical selution of site
categorization. Experts in many countries consider the seismic microzonation mapping
based on site-specific soil conditions as the most essential element for their urban land use

management plans and seismic risk reduction programs.

The scope of the study was limited to five cittes located on the western coast of the
Kingdom. These cities are Haql, Yanbu, Jeddah, Jizan, and Al-Wajh. Efforts of the study
involved systematic geotechnical and geophysical field-tests at 8 to 14 carefuly-selected

sites in each city, to accomphsh the following objectives:

a) Characterizing the soil profile and assessment of the dynamic soil properties that
included a wvast site characterization database of shear wave velocity {(SWV)

profiles to depths reaching 50 m.

b) Evaluation of the potential of amplification of the seismic response of the ground
and the associated soil site coeflicients. Site coefficients were defined based on the
mean shear wave velocity in the upper 30 m of the spil profile according to the

current trend of provisions on the effect of local site conditions on ground motions,

c) Evaluation of the liquefaction potential.

7.2 SIGNIFICANT RESULTS

The most significant and conspicucus results that have been achieved in ths study

can be summarized as follows:



(N

(2)

(3)

(4)
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The large geotechnical data of soil tests collected for the cities of Yanbu, Jeddah,
and Jizan, are compiled in Chapter 4 of this report. The analysis of the data
indicated that more than 90% of the collected drilling logs were shallower than 10
., which is inconsistent with the criteria of seismic classification of soil profiles
that is based on SPT of the top 30m of the profile. However, the collected data was
utilized for general soil classification {as reported in Chapter 4) while the seismic
clagsification of the soil profiles of the study sites, were mainly based on the SWV
tests. The soil profiles of both Hagl and Alwajh sites were also characterized based
on the results of the SPT results of 10 hore holes conducted on these cities. The

profiles” classes were found to be fairly consistent with those based on SWV.

Vertical Electrical Sounding (VES) measurements were conducted at 5 sites in each
city to define the groundwater and depth to the bedrock. The results revealed that
the depth of the bedrock in all the study sites is greater than 60 m. The level of
groundwater is very shallow m Jizan (about 0.5m). It varies in the areas that are
closer to the shore. It varies from 2m to 4m in Jeddah, Yanbu, and Alwajh, while it

is from 3 to 10m in Hagql,

The liquetaction potential of the study sites was investigated by employing a
refined simphfied approach. A computer program incorporating the SPT and SWV
measurements in the analysis was developed for this purpose. The results revealed
that the liquefaction susceptibility could be generalized for Jizan. In Hagl only one
site. (No. 6), similarly site No. 3 in Alwajh, were found to be susceptible to

hauefaction.

Advanced technique known as Controlled Source Spectral Analysis of surface
waves (CXW) was employed for measurements of shear wave velocity (SWV)
profiles to depths reaching up to S0 on, 8 sites in Haql, 10 sites in each of Wajh,
Yanbu, and Jeddah, and 14 sites in Jizan, The results are presented in Appendix F
in form of profiling logs and are listed in tabulated forms in Chapter 6. These were
comprehensively utilized to classify the soil profiles of the study sites as per the
recent state of knowledge of the soil-site categories for building design codes.
Specifically, the current provisions of NEHRP on soil profile definitions [11],
which are adopted in both UBC 1997 [12] and IBC 2000 [13], were used in this

study. These provisions consider the mean shear wave velocity Vsin the upper 30



(3)
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m of the soil profile as the main definition of the site category. Value of Vg was

calculated for each site and listed in the bottom of Tables 6.1 to 6.5 for, Haql,

Wagh, Yanbu, Jeddah, and Jizan respectively. The soil profile classes corresponding

to the Vs values of the respective sites were listed in Table 6.6,

UBC1997 provisions were employed to determine the seismic coefficients: C, and
Cy of the short-period and long period design ground motions as functions of the

site profile class and the seismic zone factor Z of the respective city. Values of C,

and C, are presented in Table 6.9,

CONCLUSIONS AND RECOMMENDATIONS

Based on discussion of pertinent results, the conclusions that may be drawn, and

the recommendations that may be forwarded are given as follows:

(1)

(2)

The majority of the tested soil profiles in Haql (except site No. 6) can be classified
as very dense soil and soft rock with seismic site-scil category SC. The seismic
coefficients recommended for this type of profiles (for Z=02) are; C;=024 and
C=0.32. The soil profile could not be finalized for site No. 6. This site as shown on
the city map (Appendix A) is in sandy deposit terrain located in the coastal lowland
section of Hagl. Although, this site can be defined as SD class based solely on

Vs value, the liquefaction potential of this site supgests its soil profile to be fitted
in softer class. Therefore, seismic cocfficients recommended for this type of
profiles were based on site-soil catepory SE: C,=0.34 and C,=0.64. These
coefficients are only recommended for design of the conventional buildings. The
buildings that are classificd as special or cssential i the scismic design code require

geotechmceal site-specific evaluation to check for soil class SF.

Similar to Haql, the majority of the tested soil profiles in Alwajh (except site No. 3)
can be classitied as very dense soil or soft rock with seismic site-soil category SC.
The seismic coefficients recommended for this type of profiles and those associated
with Alwajh Z are: C,=0.09 and C.,~0.13. The soil profile could not be finalized for
site No. 3. This site as shown on the city map (Appendix A) 15 in loose to medium

dense terrain located at Wadi Zaem north of Alwajh. Although, this site can be

defined as SD class based solely on Vs value, the liquefaction potential of this site



(3)

(4)

(5)
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suggests its soil profiles to be fitted in a softer class. Therefore, scismic coefficients
recommended for this type of profiles were based on site-soil catepory SE: C,=0.34
and C,=0.64. These coefficients are only recommended for design of the
conventional buildings. However, the buildings that are classified as special or
essential in the seismic design code require geotechnical site-specific evaluation to

check lor soil class SF.

Soil class SC that is associated with very dense soil and soft rock can be
generalized for Yanbu. The seismic coefficients recommended for this type of
profiles and associated with Yanbu Z are: C,=0.09 and C,=0.13. Harder soil (Rock)
profile of class SB can be selected for site No 1, which as shown on the city map

{Appendix A) i3 in a newly developed section located in the far north (about15 km)
of the cily.

Most of the soil profiles tested in Jeddah were classified as class SC (dense soil and
soft rock). Under this soil class and for Jeddah Z value, C, is ©.18 and C, is 0.25.
Profiles of three sites located in the north sections of the city {Alzahra, Alrawhda,
and Almuhamadia) toward Abhur, are qualified for rock of class SB. Both €, and

C. tor such sites can be taken as 0,15,

In Jizan city, the soil profiles cannot be classified solely based on Vgvalues. This
is because of the inferred problematic soil formation and pertinent liquefaction
potential in this city. As shown in Fig.11, there are two main soil formations in
Jizan. These are, the elevated terrain, and sabkah soil. The elevated terrgin is
underlain by the salt dome that is the predominant structural feature in the coastat
ared. Therefore, the hard soil profiles of soft rock (SC) and rock (SB) that were
revealed b}f?s values in this terrain {Sites No 7.8, and 13) can be attributed to
cxisting of dense layer of sait rock. Construction in such areas is prohibitive due to
the high susceptibility of larpe settlement of foundations as consequence of salt
dissolution. In the Alsabka terrains all soil profiles were basically, related to Vs,
defined as shif soil of class 8D, and were then modified to softer class because of
their mgh potential of liquefaction. The predominant liquefaction potential in the
Alsabka terrains justify classifying these sites Lo fit softer soil ¢lasses such as SE or

even SF. These sites therefore requiring site-specific geotechmical evaluation,
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cspecially for buildings that are classified as special or essential in the seismic
design code. For the conventional buildings, which are defined as standard buildings in
the design code, scismic coefticients associated with the soil profile SE arc sugpested for
Alsabka torraing, Speeifically, C,=0.34 and C,=0.64.

The above discussion of the pertinent conclusions reveal that the main finding of
this study is a prehminarily site-specific seismic zonation {microzonation), at least of the
tested sites of the five cities considered in the study. The local municipalities can use the
site-3oil categorizations along with the associated seismic coefficients assigned for such
sites, in their urban land use management plans and seismic risk reduction programs. The
results are also essential for updating the seismic design criteria proposed for KSA and
evaluation of the seismic performance of existing buildings. Engineering and consulting

offices as well as researchers can benefit from the results.

The gained experience and mobilization of advanced equipment during the course
of this study provide enough impetus for further similar effort aiming at detailed seismic

nicrozanation of seismically active regions of the KSA
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