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ABSTRACT

A city of high population growth and rapid development founded on top of soft, lacustrine and
alluvial deposit, Hawassa is located in a seismically active area of the country. On top of this, the
fact that it is a lakeside city makes liquefaction a potential hazard that calls for serious
consideration. This thesis evaluates the potential of liquefaction of Hawassa city based on data
acquired after selecting sites in and around the city. Based on these data, the level of hazard with
respect to magnitudes of earthquakes and vulnerable layers thickness with depth is assessed. SPT
and shear-wave velocity based simplified procedure methods are used to evaluate the
liquefaction potential of the study area. This study evaluates liquefaction resistance of the soil
against earthquake induced loads expressed in terms cyclic shear stress of the study area. The
results of the analyses are compared with factor of safeties recommended by ES-EN1998:2015
and BSSC 2000. Majority of the results indicated liquefaction hazard is minimal within the city
with some parts showing marginal signs of liquefaction, leading to the recommendation of site

specific studies for important structures.
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Chapter 1 Introduction

CHAPTER ONE
INTRODUCTION

1.1 General

Natural disasters like earthquake can neither lesligied nor prevented. However, the
severity of the damage can be minimized by propkastructure and development planning
based on proper studies. The consequence of ameakie nowadays could be distressing
because of the alarming rate, at which developroéntfrastructures and urbanization in
most seismically active regions of Ethiopia, isingkplace. High rise buildings, highway
bridges, dams and other infrastructures enhanceatestrophic effect of earthquakes and
endanger human life as well as potentially havimgniBcant impact on the country’s
economy.

Hawassa is one of the cities found in the seismiive zone of the country. Being the seat of
the regional government, a popular tourist destinata rapidly industrializing city, its
population and infrastructure are booming at amnaleg rate. It is one of the four cities in
the country that expect a population growth thdk approximately be four-times the current
estimate by 2040 (Lamson-Hall et al. 2015).

The Ministry of Construction of Ethiopia has updhtde country building code in 2015
which will be used for design of earthquake resitstdructures by adopting the level of risk
and current practiced worldwide (ES EN 1998:20Hg)wever the risk of liquefaction is not
addresses in the document.

Hawassa city is built on thick lacustrine depogitach can amplify the earthquake shaking
intensity significantly. The percentage of siltigh in all sampled sites indicating that there
could be a chance of the soil to liquefy underdhgon of earthquake ground motions. The
ground water table (perched or free) is found dfeint depths during borehole
investigations performed in different sites.

The purpose of this thesis is, therefore, to evaltlze potential of liquefaction in and around
Hawassa with current knowledge of the phenomena&das subsurface data at some
selected sites and seismic hazard expected irethen. Since strong ground motion record is
scarce in the region, the seismicity of the regsgooonsidered from the revised code (ES EN
1998:2015) and Global Seismic Hazard Assessmemgr&ro(GSHAP) map (Giardini et al.
2003). The subsurface data are gathered from deuted investigation performed by
different companies and geophysical surveys corduat this study.
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Chapter 1 Introduction

1.2 Description of the Study Area

1.2.1 Location

Hawassa is the seat of Southern Ethiopia NatiomoNality Regional State Government
found 275km south of Addis Ababa with approximategyaphical coordinates of Korth
and 38.8 East (Figurel.1).

[ETHIOPIA]

© %%Cbu soriin
¥y & Hawass

-

Figure 1.1 Location map of gtedy Area (www.mapsoftworld.com)

1.2.2 Current and Projected Demographics of Hawassa

Hawassa is one of the thriving metropolises in ¢bentry. The city administration has
planned to build a new waterfront city on and abtime lake which covers 2,000 hectares
with a distance of 11 km by land and 6-7 km by watée new waterfront development will
have a 500m buffer zone with luxurious landscapsigie The main purpose of the
development is making Hawassa the center for réoreand tourism among Ethiopian cities
(Tekalign 2013).

Among commercial land use types, the hospitalityt@eis developing at a fast rate in
Hawassa lake waterfront. The rate of developmenrigathe shore is so high that almost all
plots are already occupied by investors for cowssn of resorts and luxury hotels
(Tekalign, 2013).

Since the launch of the Ethiopia Urban Expansidtialive (UEI) in mid-2013, the first

group of four cities has approved plans that witha them to accommodate their projected
spatial growth to 2040. These four cities -Hawagsigama, Mekele, and Bahir Dar- have
approved plans for over 1700km of 30m wide artemalds, along with 81,000 hectares of
land for expansion—enough to accommodate a 4-falcease in the current built-up area of

Page 2

N —
e mapn Pt -

LI



Chapter 1 Introduction

these cities. These cities have also expanded dleninistrative boundaries, increasing the
area under their control in response to estimafteseir growth. According to the approved

plan, the future expansion plan of Hawassa is peghavhich encircle the Hawassa lake
Figure 1.2 (Lamson-Hall et al. 2015).

;
S~/ &, p === Hawassa Roa
X ST o e
.g:..,‘.'." ] Airport
.... [] Hawassa boundary

Lake Hawassa

Existing builtup area

Figure 1.2 Expansion plan of Hawassa (Lamson-Hall.€2015)
1.2.3 Geomorphology of Hawassa basin and Hawassé&yci

Recent lacustrine and alluvial deposits, scoriaespmhyolite lava flows and associated
ignimbrites, tuffs and volcanic ash form the Haveabasin. The rhyolite lava flows and the
associated ignimbrites, tuffs and ash belong tor#deent rhyolite volcanic centers and the
scoria cones to the recent plateau basalts. Havbassais made up of Nazeret series, which
iIs composed of ignimbrite, unwelded tuff, ash flalwyolite flow, domes and trachyte. The
northern, south western and western margins aree apdof the Dino formation, which is
characterized by ignimbrite, tuff, coarse pumiceater lain pyroclastic rocks with
intercalation of lacustrine sediments. Either Dirarmation or Nazret series underlies the
Hawassa basin deposits (Mengesha et al. 1996).

Moreover, Hawassa city was built on Early Pleistecélawassa Caldera and in the shade of
two silicic volcanoes emerging from the floor of ddie Pleistocene Corbetti Caldera. Lake
Hawassa and its surrounding areas are within ae@ldasin, surrounded by steep caldera
walls. Late Miocene to Pleistocene volcanic rocks exposed toward the wall. Holocene
sediments are distributed on the floor of the aalddhe lowest unit is Wendo Genet
Rhyolite, which is thickly exposed at the foot ddldera wall, may have erupted from
Hawassa caldera. Western and southern parts aiatbera are dominated by Wendo-Genet
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Chapter 1 Introduction

Rhyolite. Corbetti Volcano is prominent in Holocewelcanic activity. This volcano was
active around 20,000 years ago (JICA 2012).

Figure 1.3 Digital Elevation Model showing the tgpaphy of the area (Global Mapper
2015)

1.2.4 Geological structure

The closed basin of the nested Hawassa-Corbettiei@lcomplex is a giant elliptical
depression 30-40 kms wide as shown on Figure h8telTare a number of rift system faults
with north and north-east trend along which thegterof Lake Hawassa is oriented. These
faults are expansion (normal faults) forming steplts, which are mainly dominant in the
regions found south and south west of the lake (Sgare 1.3). The volcanic collapse
structure (caldera) forms elliptical structure ardlLake Hawassa basin. This collapse shifts
some of the MER fault systems showing that theapsk has taken place subsequent to the
rifting. In the Hawassa caldera a line of youngltiaaffect the rift floor. These faults, the
Wonji fault Belt shattered the rift floor into seaé relatively small horst and graven. Lakes
or swamps occupy the more depressed areas. Thet€adidera, which is found north-west
of Hawassa Lake, is a nested caldera within Hawealsiara (Desse et al. 2003). The corbetti
caldera has two volcanic centers of Urgi and Chebbe Urgi center is a source for the
formation of pumice in the vicinity and Chebbi iscanter for the formation of obsidian,
which covers the Chebbi Mountain (Williams 2016)

1.2.5 Seismic hazard

The Ethiopian rift system is part of the East AdncRift System, widely believed to have
been formed by diverging lithospheric plates, whiglactive since the early tertiary times.
The Ethiopian Rift system is commonly used to desig the three rift segments namely, the
Afar depression, the Main Ethiopian Rift (MER), a@hé Southern Ethiopian Rift (SER). The
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Chapter 1 Introduction

Probabilistic Seismic Hazard Analyses (PSHA) stindihe region has revealed that the study
area is located in high seismic hazard zone (Kelaadevan Eck. 1997; Ayele 2017). The
seismicity of the Horn of Africa region for the pmt from 1900 to 2012 compiled by Ayele
(2017) show a concentration of earthquake sounmesd the study area (Figure 1.4).

Gulf of Aden

30° 35° 40° 45° 50°

Figure 1.4 Seismicity of the Horn of Africa regitor the period from 1900 to 2012 (after
Ayele 2017)

1.3 The Research Problem

Around the lakes inside the rift, intensive urb@velopment has been taking place, which is
a very worrying process, considering seismic haZeiné subsoil at most populated localities
is covered by lake sediments with low shear-waveciies, which can potentially amplify
the amplitude of seismic waves several times com@ao bedrock level intensities.

In the 20th century alone, a study done by Pierogi® reported that as many as 15,000
tremors, strong enough to be felt by humans, hamliroed in Ethiopia and the Horn of
Africa. A similar study indicated that there weretadal of 16 recorded earthquakes of
magnitude 6.5 and higher in some of Ethiopia'snsieally active areas. The most significant
earthquakes of the P0and 21 centuries such as the 1906 Langano earthquakel 96
Kara Kore earthquake, the 1983 Wondo Genet earklequiae 1985 Langano earthquake, the
1989 Dobi graben earthquake in central Afar, th@318lazret earthquake, and the 2011
Hosanna earthquake were all felt in some of theomajies in the country such as Addis
Ababa, Jimma, Nazret and Hawassa (Kassegne &11#).2
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Different infrastructure and high rise buildings twotels and resort, mixed use, residential,
schools, hospitals and utilities like water suppiyes, telecom cables, storm drainage pipes,
electric ducts, septic tanks, and other infrastmegctire expanding in the study area, Hawassa
city. Studies have been carried out in the stuey aelated to geological, hydro-geological,
geophysical investigation related to thermal sgiagd seismic hazard assessment. However,
the shallow geological formation can significantifluence the shaking intensity, which can
potentially trigger liquefaction of the uppermostose soil deposit, especially with the
shallow water level in sight.

In this thesis work, the potential of liquefactiohHawassa and the surrounding area will be
assessed using available and first-hand conductedtigations.

1.4 Obijectives of the Study

1.4.1 General Objective of the study

The general objective of this research is assesbmjquefaction potential on selected sites
of Hawassa and nearby the city.

1.4.2 Specific objectives of the study

» Evaluating the potential of liquefaction of thedflarea by the stress-based approach
using the secondary and primary data from theasity around the city

» ldentify range of magnitudes of earthquake thatmatentially trigger liquefaction in
the study area

» Identify the depth and thickness of layer which anénerable to liquefaction in the
study area

1.5 Significance of the Study

Liguefaction phenomena can affect buildings, brigéuried pipe lines, and other

constructed facilities in many different ways. Lédaction can also influence the nature of
ground surface motions. Flow liquefaction can paelmassive flow slide and contribute to

the sinking or tilting of heavy structures, theaflimg of light buried structures, and to the
failure of retaining structures. Cyclic mobility c&ause slumping of slopes, settlement of
buildings, lateral spreading, and retaining wailuf@. Substantial ground oscillation, ground

settlement, sand boils, post-earthquake stabdituries can develop at level-ground sites.

Assessment of the liquefaction potential of they aitill help the city administration to
incorporate prevention and mitigation measuresuburé developmental plan of the city for
the possible damage to occur due to liquefactiahralated phenomena.

1.6 Previous Work

As far as previous works are concerned, the aresabkan a major interest for local and
foreign researchers in the past. Different studétated to seismic hazard, geology, hydro-
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geology, geothermal potential and ground wateraatgon have been conducted in the area.
Out of these studies some are presented as follow;

The seismic hazard of southern Ethiopia has baethest by Malek (2014)Czech Republic
Development Cooperation in conjunction with EthapiGeological Survey. The study
compiled previous earthquake data for the purpdseiemic hazard analysis and asses the
seismic risk level qualitatively.

The hydrogeology and engineering geology of the MdElRly has been conducted by the
Geological Survey of Ethiopia (GSE) (Dessie andehes 2003). The study addresses the
risk of Hawassa lake level rise and the remediaguees to be taken. It pointed out that the
lacustrine deposit and fractured ignimbrite arevitager bearing formation covers the area.

Characterization of ground water — lake water atgon in Lake Hawassa basin has been
studied by Atnafu (2014). It studies the Lake wad®el variation effect on the groundwater
of the city and also addressed the pollution ofigcbwater on the lake.

More works were conducted in relations to the akkake level by Water Works Design and
Supervision Enterprise (WWDSE 1999). This work udgs land use/land cover and soils,
water balance, analysis of lake level rise andagi®ichange, as well as giving short and long-
term remedial measures and socio-economic and amental impact assessment of the
remedial measures.

Nevertheless, as far as liquefaction assessmeahierned, no previous studies have been
conducted in in the region as well as other eadhgtprone area of the country.

1.7 Limitations of the Study

Liguefaction potential assessment has to be coadublased on strong data base of
earthquakes, subsurface geotechnical investigatemms soil parameters of the study area.
This study has limited access to strong motionlsega recorded from the study area. Hence,
the study used strong motion records from alteveasiources. The available geophysical
investigation used for subsurface investigation hastation with respect to energy
efficiency to explore deeper depth. Borehole dataeyed are limited in number and most of
them are shallow in depth of investigation. In &iddi to this, available resource limits the
extent and coverage of investigation and laboratwoyk required to be performed for
advanced assessment.

1.8 Organization of the Thesis

This thesis is organized in six chapters. The fitsipter is general introduction of the study
and the study area. The second chapter coverstiwmbhackground of liquefaction and the
science and pioneering research works selectedthisr study. Chapter Three is data
acquisition and processing section. In this chafiter theoretical background of the data
acquisition techniques are included. Chapter Fotiné data analysis section of the research.
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Chapter Five presents the interpretation of theltegprovided in Chapter Four. The last
chapter comprises conclusions and recommendatidhg oesearch.
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CHAPTER TWO
LITERATURE REVIEW

2.1Theoretical Background of Liquefaction
2.1.1 General

The most precise definition of liquefaction is giviey Sladen et al. (1985hich states that
liquefaction is a phenomenon wherein a mass of lesés a large percentage of its shear
resistance, when subjected to monotonic, cyclicstarck loading, and flows in a manner
resembling a liquid until the shear stresses aamghe mass are as low as the reduced shear
resistance. Moreover, for the earthquake relatdohiien given by the National Research
Council (NRC), it is stated that during earthquakke shaking of ground may cause a loss of
strength or stiffness that results in the settlenoémuildings, landslides, the failure of earth
dams, or other hazards. The process leading tolesslof strength or stiffness is called soil
liquefaction. It is a phenomenon associated priypakut not exclusively, with saturated
cohesionless soilHousner et al. 1985).iquefaction typically occurs in cohesionlesg,sil
sand, and fine-grained gravel deposits of Holoderlate Pleistocene age in areas where the
groundwater is shallower than about 15 metglaftin and Lew 1999)The depth of ground
water either free or perched influences liquefactusceptibility Kramer 1998. At sites
where ground water fluctuates significantly, licaetfon susceptibility may also fluctuate
(Kramer 1998. It should be noted that the groundwater levededufor the purposes of
liquefaction hazard zoning are the historicallylkiveest (highest) groundwater levels using
the results of groundwater studiédatin and Lew 1999)

2.1.2 Liquefaction hazard zoning

Delineating areas that are susceptible to liquefadtazards is important for evaluating and
reducing the risk from liquefaction through apprafg mitigation. Since, liquefaction
generally occurs in areas underlain by low densiyurated fine grained granular sediments,
the liquefaction susceptibility can be mapped usipgcific, well established geologic and
geotechnical criteria. Damages caused by liquefactf saturated soil revealed that after
liquefaction the ground failed, sand boiling ocedrrand the structure subsided unevenly
causing tilting, cracking or even collapse. Liqutian susceptibility can be judged primarily
based on four criteria according téramer, (1996).These are historical, geological,
compositional and state criteria. Liquefaction oftecurs in the same location when soil and
ground water level condition have remained unchdan@ological process that sorts soil
into uniform grain size distributions and deposierh in loose states produces soil deposit
with high liquefaction susceptibilitykfamer, 1996)Areas containing soil of late Holocene
age where the ground water is less than 12m degiicipated earthquake peak ground
acceleration (PGA) having a 475 return period iieater than 0.1g is susceptible to
liquefaction Martin and Lew 1999)Compositional characteristics associated with high
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volume change potential tend to be associated gh liquefaction susceptibilitykfamer,
1996). Even if the soil meets all of the criteria desedbabove for liquefaction
susceptibility; it doesn’t assure that the soillwduefy. Susceptibility of liquefaction also
depend on the initial state of the soil i.e. itees$ and density condition at the time of
earthquake Kramer, 1996).Unsaturated soils are not subject to liquefactiecase
compression does not generate excess pore watsupee(Day 2002). It should be noted
during liquefaction susceptibility study that sedims deposited on valley floors are
presumed to become saturated during wet seasorshatidw water conditions can occur in
narrow stream valleys that can receive an abundaheater runoff from canyon drainages
and tributary streams during periods of high prgaifpn (Martin and Lew 1999).

2.1.3 Depth of Analysis for liquefaction evaluation

Liquefaction resistance of a soil deposit increaséth depth as overburden pressure
increases. Traditionally, a depth of 15 m has hessd as the limit for depth of analysis for
the evaluation of liquefaction. Liquefaction hasibeé&nown to occur during earthquakes at
deeper depths than 15m given that proper conditsuth as low-density granular soils,
presence of ground water, and sufficient cyclesasthquake ground motion prevaiViartin
and Lew 1999).

Experience has shown that the 15m depth may beuatkeépr the evaluation of liquefaction
potential in most cases; however, there may betsiios where this depth may not be
sufficiently deep. For site specific study Southe@alifornia Earthquake Center
recommended that a minimum depth of 15m below thisting ground surface or lowest
proposed finished grade (whichever is lower) beestigated for liquefaction potential
(Martin and Lew 1999)Where a structure may have subterranean constnuctiodeep
foundations (e.g., caissons or piles), the depihwastigation should extend to a depth that is
a minimum of 6 m below the lowest expected fourmtatevel (e.g., caisson bottom or pile
tip) or 15m below the existing ground surface avdst proposed finished grade, whichever
is deeper. If, during the investigation, the indide evaluate liquefaction indicate that the
liquefaction potential may extend below that dephle, exploration should be continued until
a significant thickness, at least 3 m, or the exteossible of no liquefiable soils is
encountered.

2.1.4 Past records of liquefaction

Written records dating back hundreds of years hi@seriptions of earthquake effects that are
now known to be associated with liquefaction. Hogreliquefaction related devastating
effects are becoming pronounced with the civilatof 20" century. Its devastating effects
sprang to the attention of geotechnical engingetbe three month period in 1964 when the
Good Friday earthquake (Mw=9.2) in Alaska was fokad by the Niigata earthquake
(Ms=7.5) in Japan. Both earthquakes produced spdaraexamples of liquefaction- induced
damages, including slope failures, bridge and mgldoundation failures, and flotation of
buried structures. Among the 310 damaged reinformettrete buildings during the 1964
Niigata earthquake, 200 tilted or excessively edttlue to liquefactiorkfamer, 1996).
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The upstream slope of the Lower San Fernando Daatifo@ia, failed due to the
liquefaction of a zone of a hydraulic sand fill ohgr the 1971, 6.6-magnitude, San Fernando
earthquake (Beaty et al. 2001). Excessive movewfeatetaining wall at a sea shore due to
liquefaction during the 6.9 magnitude 1995 Kobetreprake was also recorded. More
recently, sever earthquake effects of liquefaciooh as sand boil happened in the 2010/11
Christchurch earthquake, New Zealand (McSayene{ 201

2.1.5 Ground Failures associated with liquefaction

Liguefaction phenomena can affect buildings, brijdmuried pipelines, and other constructed
facilities in many different ways. Flow liquefaaticcan produce massive flow slides and
contribute to the sinking of heavy structures, ftbating of light structures, and to the failure

of retaining structures. Cyclic mobility can cassemping of slopes, settlement of buildings,
lateral spreading, and retaining wall failure. Sabsal ground oscillation, ground surface

settlement, sand boils, and post-earthquake dtalidilures can develop at ground sites
(Kramer, 1996)Some of the major effects are discussed belowlrief

1. Alteration of ground motion

A deposit of liquefiable soil that is relativelyifétat the beginning of earthquake may be
much softer by the end of the motion. The alteratb frequency content and decreasing of
amplitude will be accompanied by excessive latdiglacement. This displacement may be
of a particular concern for buried structures,itigd and pile foundation that extended in
liquefiable layer.

2. Development of sand boil

Liguefaction is often accompanied by the developnmérsand boil. During and following
earthquake shaking, seismically induced excess passure are dissipated predominantly
by the upward flow of pore water. This flow prodsagoward acting force on soil particles.
This phenomenon will be manifested on the surfacgaad boil (Kramer 1996).

3. Settlement

Dissipation of the excess pore pressures will merapanied by densification of the soil and
settlement of the surface. If the site affectedsbipsidence is close to river, lake or water
body, permanent flooding may result.

4. Instability

Liguefaction induced instabilities are among thestmdamaging of all earthquake hazards.
The effects have been observed in the form of fkhde, lateral spreads, retaining wall
failures, and foundation failures in countlessleguakes throughout the world.
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2.2 Initiation of Liquefaction

The generation of excess pore water pressure umdéained loading is a hallmark of all
liquefaction phenomena. When cohesionless saturateldis loading under undrained
condition, the tendency to densification will caysge pressure to increase and the effective
stress to decrease. Liquefaction phenomena resutiedthis process can be divided in to
two major groups. These are flow liquefaction apdic mobility (Kramer 1996).

Flow liquefaction can occur when the shear stregsiired for static equilibrium of a soil
mass (the static shear stress) is greater thashesr strength of the soil in its liquefied state.
In contrast to flow liquefaction, cyclic mobilitycours when the static shear stress is less than
the shear strength of liquefied soil. Hence, itiia of both type of liquefaction requires
identification of the state of soil when liquefaxttiis triggered. As studied by Hanzawa et al.
(1979) and cited by Kramer (1996) flow liquefacti@ninitiated at the peak of each stress
path as shown on Figure 2.1 during undrained tlaconsolidated to the same void ratio at
different initial effective confining pressure. Seaall the specimens have the same initial
void ratio, they will reach the same effective ssrecondition at the steady state. Flow
liquefaction surface (FLS) shall be the surfacenemting those peaks as marked on the
broken line with an asterisk (*). The FLS marks twundary between stable and unstable
states in undrained shear.

Steady —~
state -~
point =

" gl

N

SSL

Figure 2.1 (a) Monotonically loaded five specimeésstropically consolidated to the same
initial void ratio at different initial effective anfining pressure (b) cyclically loaded
specimens (Kramer 1996)

Flow liquefaction can be initiated by cyclic loagionly when the shear stress required for
static equilibrium is greater than the steady starength.

Flow liquefaction occurs in two stages. The firsige involves generation of excess pore
pressure to move the stress path from its initeaitpon to FLS. This excess pore pressure
may be generated by undrained cyclic loading. Wineneffective stress path reaches the
FLS, the soil becomes inherently unstable and skbiage begins. The second stage
involves strain softening that is driven by the ahstress required for static equilibrium. If
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the first stage takes the soil to the FLS underraindd, stress controlled conditions, the
second stage is inevitable (Kramer 1996).

Flow liquefaction to occur requires an undrainedtudbance strong enough to move the
effective stress path from initial points in thedhd region to FLS (Figure 2.2 (a).

As stated above, soil could also liquefy by cyafiobility. Cyclic mobility can develop when
the static shear stress is smaller than the stetadg strength. Initial liquefaction can only
occur during stress reversal as shown in Figurél®.2

Steady FLS a9
state

point

_ Teye
-1—_,tstaﬂc

(©)

Figure 2.2 (a) Zone of flow liquefaction (b) Cychwmobility with stress reversal (Kramer
1996)

In both cases, flow liquefaction and cyclic molyilithe influence of excess pore pressure
generation is important. Seed and Lee (1966) al dity Kramer (1996) defined initial
liquefaction as the point at which increase ineppressure (kkces9 is equal to the initial

. - . U
effective confining pressures’@e) i.e. when Wxcess o'sc or whenr, = —E<E55=100%.
3C

The level of excess pore pressure required taateitiquefaction is related to the amplitude
and duration of earthquake induced cyclic loadifige loading can be predicted by a detail
ground response analysis or by the use of simgldigproach.

Liquefaction Potential

A number of approaches to evaluation of potentalifuefaction have been developed over
the years. It is common practice to evaluate ligogdn potential by different approaches.

But for this study a cyclic stress approach isussed due to its simplicity and robustness to
accurately model earthquake induced stress witthenground. Because of these reasons,
over the years many design charts and correlatiere developed based on cyclic stress
approach for the estimation of liquefaction resistaof soils through laboratory as well as in

situ tests. Application of the cyclic stress apptoeequires careful attention to the manner in
which the loading conditions and liquefaction resise are considered.
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2.2.1 Earthquake loading

Comparison of earthquake induced loading with latmyy determined resistance requires
conversion of irregular time history of shear sré&s an equivalent series of uniform stress
cycles (Kramer 1996). A factor of 65% of the pedlea stress that would produce an
increase in pore pressure equivalent to that egutar time history has been recommended
by Seed, Haldar and Tang (1981) as cited by Krg&896).

ie.

Toye = 0.65 (2.1)

Referring Figure 2.3 the maximum shear stressis given by

(2.2)

max

Tcyc |S glven by

Ty ™ O.GS%GV.Q (2:3)

ama\

-—>

FITT7 77 NN7I77 777777777777 R77I777777 477
R

——

T max
Figure 2.3 Schematic sketch of soil column durigigaimic load

Therefore, the seismic demand on a soil layer,esgad in terms of Cyclic Shear Stress
(CSR) is given by
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c:smo.e%"—.v g (24)
g

d

Where

a,.. = peak ground surface acceleration, g accelerafignavity, o, total vertical stres:z:,T'v

is effective stress, and is the value of a stress reduction factor at thethd of interest. The
two important quantities are discussed below.

I) Peak ground acceleratioa,_,

a.. IS defined as the peak value in a horizontal groairceleration record that would occur

at the ground surface of a site without the infheerof excess pore-water pressures or
liquefaction that might develogy 6ud et al. 2001L

The 1996/1998 National Center for Earthquake Ereging Research (NCEER) workshop
(simplified method review workshop) addressed dife issues regarding maximum or peak
ground acceleration (Youd et al. 2001). The pref&émethod for estimating, ., is through
empirical correlations of . with earthquake magnitude, distance from the seigmergy

source, and local site conditions. Selection oat@nuation relationship should be based on
such factors as region of the country, type ofthag) and site condition.

The second recommendation by Youd et al. (200Bstonatea,_, for soft soil and other

soils that are not compatible to the available naii¢ion relationships is from local site
response analysis. Computer program such as SHAHKIEI® used to perform site response
analysis. Youd et al. (2001) also suggest thattigpound motions in the form of recorded
accelerograms are preferable to synthetic recdkdsuite of plausible earthquake records
should be used in the analysis, including as manfeasible from earthquakes with similar
magnitudes, source distances, with the study dead et al. 2001).

II) Reduction factor,gr

The term §, used in the evaluation of Cyclic Stress Ratio RESs to account for the
flexibility of soil. The most widely used technigtm calculate the stress reduction factgy (r
was suggested by Seed and Idriss (1971). Latetepi reduction factor has been revised by
incorporating additional liquefaction cases by ddriand Boulanger 2010. Idriss and
Boulanger (2010) updated a relation to evaluatesthess reduction factor as a function of
depth and earthquake magnitude.

Hence, § is given by (Idriss and Boulanger 2010);
ry=exp[a(Z)+p(2) M]

a(z)= -1.012-1.126si6 Z
11.7

3 +5.1338 (2.5)

B(Z)=0.106 +o.1185irﬁi +5.14}
11.28
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WhereZ is depth and/l is moment magnitude
2.2.2 Liquefaction Resistance

The liquefaction resistance of an element of sepahds on how close is the initial state of
the soil to the state corresponding to “failuretiahe nature of loading required to move it
from the initial state to the failure state. Chagaization of liquefaction resistance can be
developed based on the laboratory method and itesstis and observation of liquefaction
behavior of past earthquakes.

For a number of years, ligufaction was commonlyrateized by cyclic stress determined
from laboratory tests. However, subsequent workswsk that cyclic stress based
measurment of liquefaction resisance are influermetactors other than initial density and
stress conditions. For excample it is influencedsby fabric (Kramer 1996). The history of
prior seismic straining also influences the liquétan resistance. Because of these and other
facors, characterizaion of liquefaction resistahgdaboratory testing is extremely difficult
and has been suplimented by insitu based resigat&mamer 1996). Hence, for this thesis
work, characterization of liquefaction resistan@sdd on insitu tests will be discussed in
detail.

Following the disastrous earthquake in Alska angaidi, Japan, in 1964 Professor H.B seed
and |I.M Idriss developed and published a methodolegmed the “Simplified Procedure”
for evaluation of liquefaction resistance. This @ggh and the development over the 10
years period since 1985 had been reviewed by tB6 a8d 1998 workshops on “Evaluation
of Liquefaction Resistance of Soil” convened by . ™oud and I.M. Idriss with 20 experts
(Youd et al. 2001). In the workshop the followisgues have been reviewed:

» Criteria based on standard penetration tests;

» Criteria based on cone penetration tests;

» Criteria based on shear-wave velocity measurements;
» Use of the Becker penetration test for gravelly; soi

» Magnitude Scaling Correction factors.

Though Cone penetration test (CPT) has many adyestm the prediction of liquefaction
resistance, SPT based method from geotechnicadtige¢ion report is selected for this study
for its wide application and availability in thewdry. On top of that, SPT has the largest
case history database of any insitu test (Kram@&6L9Moreover, the shear wave velocity
based approach is also employed for the studyt, @mibe determined by correlation from
SPT as well as geophysical survey. Therefore SEEdand Shear wave velocity based
liquefaction potential assessments are discussed@the insitu methods.

1. Standard Penetration Test, (SPT)

Factors that tend to increase liquefaction rest&asuch as density, prior seismic straining,
overconsolidation ratio, lateral earth pressummetiunder sustained pressure also tend to
increase SPT resistance (Youd et al. 2001).
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SPT blow counts are affected by a number of proadietails (rod lengths, hammer energy,
sampler details, borehole size) and by effectiverlowrden stress. Thus, the correlation to
cyclic resistance ratio (CRR) is based on correptatetration resistance,

(N]_ )50 = CNCECRCBCSN N (26)

whereCy is an overburden correction fact@; = ER,/60%, ER, is the measured value of
the delivered energy as a percentage of the thealrétee-fall hammer energgr is a rod
correction factor to account for energy ratios gesmaller with shorter rod lengthSg is a
correction factor for nonstandard borehole diansgetéis a correction factor for using split
spoons with room for liners but with the liners eifiis and Nm is the measured SPT blow
count. The factor€g andCs are set equal to unity if standard procedures$adiaved.

The cyclic resistance ratio (CRR) also affecteddbyation of shaking, which is correlated
with MSF, magnification scaling factor and effeetioverburden stress, .

Therefore,

CRR,,,. =CRR_ s, un *MSF*K 2.7)

wio'y

The correlation of CRR t¢N,),, is affected by the soil’s fines content (FC) as@xpressed
as

CRR,.,5,, = f[(N),, .FC| (2.8)

This correlation can also be expressed in termanaéquivalent clean-sand (N1)60cs, which
is obtained using the following expression:

(Nl)GOCS:(Nl) 60+A(N1) 6 (2.9)

WhereA(N, ), is a function of FC.

Therefore CRR can be expressed by
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Table 2.1.Correction factor for measured SFPdUd et al. 2001l

Factor Equipment variable Term Correction
Overburden pressure - Cn (Pab'v)’*
Overburden pressure - Cn CN<1.7
Energy ratio Donut hammer Ce 0.5-1.0
Energy ratio Safety hammer Ce 0.7-1.2
Energy ratio Automatic-trip Donut- Cg 0.8-1.3

type hammer

Borehole diameter 65-115mm Cs 1
Borehole diameter 150mm Cs 1.05
Borehole diameter 200mm Cs 1.15
Rod length <3m Cr 0.75
Rod length 3-4m Cr 0.8
Rod length 4-6m Cr 0.85
Rod length 6-10m Cr 0.95
Rod length 10-30m Cr 1
Sampling method Standard sampler  Cgs 1
Sampling length Standard sampler  Cs 1.0-1.3

NOTE; increase the estimated rod stick up length%am for all caseddriss et al. 2010

* Overburden correction factor

(2.11)
m=0.784-0.0768(N, )

60CS

Where P, = latm=100kPa

The limit of 1.7 on the maximum value Gf is reached at vertical effective stresses less tha
about 35kPa, which corresponds to depths lessabant 2 m. This limit is imposed because
these expressions were not derived or validatedvéoy low effective stresses, and the
assumed functional form will otherwise produce afistically largeCy values as the vertical

effective stress approaches zero. Limits of 1.&.th have been recommended by various

researcherddriss et al. 2010).
100\
Cu = (0_] (2.12)

\
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e Short rod correction factoCr

The short rod correction factor accounts for tfeatfof rod length on the energy transferred
to the sampling rods during the primary hammer ichpa

* Overburden correction factdf,

Idriss and Boulanger (2008) recommends r€lationship be expressed in terms of the
(N1)60cs values as follows,

O_l
K,=1-C (—=)=<11
o a'( Pa)

1 (2.13)

- 18.9-2.55/(N,)

C

a

<0.3

60CS

* Magnitude scaling factor, MSF

The magnitude scaling factor (MSF) is used to antdor duration effects (i.e., number of
loading cycles) on the triggering of liquefactidhSF factor is applied to the calculated value
of CRR for each case to convert to a common valid (conventionally taken as M = 7.5).
The MSF for sands can be calculated by Idriss X8R8ionship (Idriss et al. 2010).

MSF=6.9DeX;£¥j -0.058 1. (2.14)

An upper limit for the MSF is assigned to very-skmhgnitude earthquakes for which a
single peak stress can dominate the entire timesseMSF given by different researchers are
presented in the following Figure 2.4.
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Figure 2.4 Magnitude scaling factor MSF relationthwnoment magnitude. (Aftddriss et
al. 2010)

» Equivalent clean sand adjustmeﬁ(,Nl)GO
The equivalent clean sand adjustmérﬁi,\ll)ﬁo, accounts for the effects that fines content has

on both the CRR and the SPT blow count. This effectonveniently represented by
adjusting the SPT (Do values to equivalent clean sand ks values, and then expressing

CRR as a function of (Nsocs The equivalent clean sand adjustment developéddrisg et al.
(2010) is expressed as,

_ 9.7 157 Y
A(N,),, = EXPL 1.63+FC+0'01 { FC+0.0]j ] (2.15)

Where,FC is average fines content in percent by mass.

» Liquefaction triggering correlation

The correlation between the cyclic resistance @iRR) adjusted to M = 7.5 amtly = 1 atm
and the equivalent clean sand;®0cs value for cohesionless soils, as developettiiys
and Boulanger (2004, 2008), is expressed as,

— (Nl)eocs (Nl) 60CS i (Nl) 60CS3 ( Nl) 60C )
CRRi=rs7,zam = Ex{ 14.1 126 236 | | 254 %8 (2.16)
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2. Shear Wave Velocity, §

Improved methods of insitu shear wave velocity rmegagnt and studies related to cyclic

strain approach have contributed to the recognibbrshear wave velocity as the useful

measure of liqguefaction resistance. However, tleensitiveness to factors such as Soill
fabric, OCR, prior cyclic straining, that are knowa influence liquefaction resistance

suggests that shear wave velocity measurment ateane not be sufficient to evaluate

liquefaction potential of soil deposit&ramer 1996). In some cases, where only seismic
measurements are possible, it may be the onlynalige to the penetration-based approach
(Andrus et al. 2004 Similar to SPT based, the shear wave velocibgg@dure also share the

procedure termed as simplified procedure (Youd.&GD1).

0.6

Field Performance - '
s Comtc M, =15
Lig. NoLiq Fines Content M,
o <o >3520<5 Fincs
. =27 Ba l ' Content (%)
A A 6% 1034 % A ]
£ (o] = 35%
0 a lll
[0 A
& I
(@) A o
o) Data Based on:
o]
% M =591083: adjusted ()
O 02 by dividing CSR by
- (M /7.5y24%
Uncemented, Holocene- N A
. o
age soils ]
Average values of Vg, Liquefaction
and a
0.0 =

0 100 200 300

Stress-Corrected Shear-Wave Velocity, V54,m/sec

Figure 2.5 Cyclic stress ratio (CSR) or cyclic sémince ratio (CRR) Vs Shear wave velocity
case history for magnitude 7.5 earthquakes (Aftetrus et al. 2004

Unlike SPT based Shear wave velocity based liqtiefagrediction has been verified by
limited number of case history. As can be seeniguré 2.5, CRR beyond 0.35 and shear
wave velocity below 100m/s are not confirmed by tase history studies (Andrus et al.
2004).

Similar to correcting penetration resistance s\Would be corrected to a reference overburden
stress as given bAndrus et al. (2004as follows

p P50 5\
V31:Vs(_aj (_j (2.17)
Oﬂv K‘O

Where, \4; is stress-corrected shear-wave velocityisfa reference stress of 100 kika,, is

coefficient of effective earth pressure at rest] ah is initial effective overburden stress in
kPa. For level ground wher¢ ', =0.5, Vs becomes
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B Pa 0.25
V=V -2 (2.18)

» Cyclic resistance ratio, CRR

Andrus et al. (2004) develop the CRR s;Relation as follows.

— Ka1V81 ’ 1 1
CRR—MSF{O.OZ{—lOO j +2.8£ VA CRANE SJ} K, (2.19)

Where
MSFis the magnitude scaling factor,
V siis the limiting upper value of VS1 for liquefactioacurrence,
Ka1is a factor to correct for high VS1 values causgdding, and
Kaz is a factor to correct for influence of age on CRR

* MSF Magnitude scaling factor

Different researchers suggested various MSF demendnagnitude. Youd et al. (2001)
reported that the workshop participant agreed enctimservative MSF given by Idriss for
engineering practice.

2.24

256 (2.20)

» Limiting Upper Value of \¢;

The assumption of a limiting (or maximum) uppernabf Vs; for liquefaction occurrence is
equivalent to the assumption commonly made in teefration-based procedures dealing
with clean sands, where liquefaction is consideretdpossible above a corrected SPT blow
count of about 30 Seed (Andrus et al. 2004).

Andrus et al. (2004) suggested the following relahip;

V',=215m/s for F& 5%
V,=215-0.5(FC-5)m/s for5% F€ 35 (2.23)
V,,=200m/s for F& 359
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« Age Correction Factors

The factors K; and Ky, are included in the equation to extend the origiRRR-Vs; equation
by Andrus and Stokoe (2000) for uncemented Holo@geesoils to older soils. Kand Ky,
are 1.0 for uncemented soils of Holocene age. Faercsoil, the suggested method for
approximating K; involves using SPT-¥ relationships to estimatesYin Holocene-age soil
for a similar (N)so value, and dividing the estimated:Walue by the measuredsyvalue.
This approach assumes SPT measurements are noedftey aging and cementation, and
Kazis the ratio of the estimated value to the meabuatue of \4;.

Approximate lower-bound values of,Kare presented in Table 2.2. It is suggested & thi
paper that lower-bound values of these resultsskd as estimates of,X Use of the lower-
bound value provides a lower estimate of CRR (Aadhtual. 2004).

Table 2.2 Lower-bound of ¥ based on study of Arango et al. (2000) as cited\hgrus et
al. (2004)

Time (years) Lower-bound Estimate of K,
<10,000 1.0
10,000 1.1
100,000 1.3
1,000,000 1.5

2.2.3 Evaluation of liquefaction potential
1. Factor of safety

Once the cyclic loading imposed and liquefactiorsistance of the soil have been
characterized, liquefaction potential can be euvallidy factor of safety, FS.

Liguefaction can be expexted at depths if

CSR _ CRR

3 CSR CSrF ( )

is less than 1 (Kramer 1996).

The zone of liquefaction can be best describedlbifipg CSR/CRR Vs depth as shown in
Figure 2.6
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Shear stress

_ Zone of
liquefaction

Cyclic shear stress required
to cause liquefaction

Depth
JV Equivalent
cyclic shear
stress induced
by earthquake

Figure 2.6 Process by which the zone of liquefacisadentified (Kramer 1996)
2. Probability of liquefaction

A second way to quantify the potential for liqudfan is in terms of probability. One
advantage of expressing liquefaction potentialeinms of probability is that probability of
liquefaction can be derived in a more objective nenthan the deterministic bounding
curves, which traditionally have been visually dnavAnother important advantage is that
probability of liquefaction is required informatidior making risk-based design decisions
(Andrus et al. 2004). Juang method as cited by Asiét.al (2004) is

1

LT o 24
FS (2.25)
1+ ——

0.72

BSSC (2000) has suggested that avilte of 1.2 to 1.5 is appropriate when applying th
Seed-ldriss simplified procedure in engineering igtes The same range of FS is
recommended for the VS-based procedure. When aygptiie \&-based procedure, these FS
values are equivalent ) values of 0.16 to 0.08, respectively.
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CHAPTER THREE
DATA ACQUISITION AND PROCESSING

3.1 Introduction

Identification of subsurface conditions (geomesiratification, and depth to bedrock) and
dynamic soil properties including ground water ¢abte the primary tasks to perform for
liquefaction potential assessment. Subsurface tondf the Hawassa city has been studied
by gathering the available geotechnical investigatiata for different parts of the city and by
directly performing geophysical investigations @iif selected sites in and around the city. As
the southern parts of the city are founded on shathyolite, the sites are selected from the
central and northern parts of the city. Most of ge®technical investigations data gathered
are for buildings in the city. They are mainly campd of shallow depth investigation,
ranging from 10m to 17m with the exception of th&m2 depth conducted for NIB
international bank. All available data consistedstz&indard penetration test data (SPT) and
basic laboratory test results. Dynamic soil prapsrare missing from these reports. In order
to obtain primary data, which complement the migsiriormation with respect to depth and
variety, geophysical investigations, consistingsefsmic refraction and electrical resistivity,
have been conducted at four selected sites in esuha the city. Subsurface information
gathered and their sources are summarized in Bable

Table 3.1 Sources of subsurface data gatheretiéasttudy

Data source

Geophysical

Item Description Secondary datd.iterature/ Seismic Vertical
No from BH Previous refraction electrical

study sounding
1 SPT X
2 Unit weight X
3 Specific gravity X
4 Moisture content X
5 Ground water table X X X
6 Shear wave velocity X (by X

correlation)

7 Layering, stratification X X X

3.2 Subsurface Data Collected from Geotechnical Imstigation Reports

3.2.1 Selection of Sites

The site selections have been performed basedalalanity of secondary data, accessibility
to geophysical survey, and upon consideration eftmalysis to the already built up high-rise
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building area. Four sites have been selected awrshho Figure 3.1. These are Progress
International Hotel, Hawassa Industry Park, Nibetnaitional Bank and South Ethiopia
People Democratic Movement (SEPDM) Office buildsites, hereafter referred to as PIH,
HIP, NIB and SEPDM respectively.

AMV1 ‘A V2
7 2,
29

Imagel©20/Ii. CNES /Al
0120117, Google
L]

() (b)

Figure 3.1 Selected analysis sites of Hawassd@ibpgle Earth), (a) Borehole investigation
sites (b) Geophysical investigation sites

3.2.2 Summary of data acquired from secondary dataources

The geotechnical investigations data gathered Egrdnt companies have been used for
construction of industry shades and medium heighitlings. Among the gathered borehole
data,the PIH, HIP, NIB and SEPDM selected due #rtgood representation of the city
subsurface conditions. The pertinent boreholessinyation data are enclosed in appendix A.

1. Progress International Hotel (PIH)

The PIH study area is found at the shore of the a$aa Lake. About 12 boreholes of
different depth ranging from 15 to 20m are investggl. Among them, four boreholes, which
represent a wider area beyond the hotel, are sdidot the study (Appendix A). Ground

water table is recorded at 3.6m during the invasitg. The first 15 m is covered with loose
to medium dense silty-sand interbedded by 1.9 tdi8ok moderately weathered ignimbrite.
As confirmed by the Construction Design and Supemi Corporation (CDSCo), who

performed the investigation, an energy efficientthe SPT machine is 70%.

2. Hawassa Industry Park

The HIP site investigation has been performed tm Hd&pth. No ground water has been
recorded to this depth. About 30 boreholes aréedrih total. The 10m depth of investigation
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shows that the area is layered with thick depokitoose to dense, silty-sand with SPT
ranging from 8 to 42 before correction. As the stigation has been made by CDSCo, SPT
machine efficiency of 70% has been considered.

3. NIB International Bank

The NIB investigation data represent the most hujltarea in the center of the city. The
investigation is performed for a 2B+G+11 buildinftbe bank. Four boreholes of depth

ranging from 20 to 25m have been drilled. Groundewé#able has been recorded at 13.6m
during the investigation. The investigation revethlat the area is dominated by loose to
medium dense, silty-sand soil interbedded with th42m thick moderately-weathered

ignimbrite at around 6m below the ground surface.

4. SEPDM Office Building

As shown in Figure 3.1, the SEPDM office site ikestd to represent south-east part of the
developed area of the city. The investigation hesnbconducted for the office building.
Though a total of four boreholes were investigamuy two have SPT information. Both
boreholes are drilled up to a depth of 10m. The I@rastigation shows about 4m slightly-
weathered tuff extending from 3m to 7m interbeddéedwveen clayey silt and silty sand
layers. The shallowest ground water table recorsl@dh from the ground surface.

3.2.3 Data processing
3.2.3.1 SPT Correction

The SPT has historically been the most widely ussdu geotechnical test throughout the
world. It is common geotechnical practice to corfeeld SPT N values for variations from
standard practice as stated in Chapter Two Se2tiha.2.

As the correction is done primarily for correlati@ shear-wave velocity, overburden

correction factor is ignored at this stage (YoudleR001). Referring to Table 2.1 (correction
factors for measured SPT) and Equation 2.6, cooreciof SPT have been done for all sites
and given in Table 3.2 through Table 3.5.

Table 3.2 SPT correction based on Youd et al 260PH investigation

BH9 Correction OF SPT (Youd et al.2001)
Layer Rod

Depth thick- | SPT, | Depth, length
(m) Description ness | Nrec. | m C Cs m G Cs Nso

L. to M. dense
0-3.3 Sandy silt 3.3 10 3.3 1.1 1.00 5.80 0.85 1(00 @0.o

Slightly weat.
3.3-6.4 | Igni. 3.1 6.4
6.4-7.0 M. dense sand 0.6 12 7 1,17 1.00 9.50 DBBO | 13.00
7.0-9.0 M. dense sand 2 23 9 1.17 1.00| 1150 1.00 1.00 27|00
9.0-11.0 | M. dense sand 2 21 11 1.17, 1.00| 1359 1.00 1.00 25|00
11.0-15. | M. dense sand 4 21 15 1.17, 1.00| 1759 1.00 1.00 25|00
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Table 3.3 SPT correction based on Youd et al 200HfP investigation

BHB35C Correction of SPT
Depth Description | Layer SPT, | Depth, Rod
(m) Thicknes| N m length,

S rec. Cc Cs m G Cs Neo
0-1.5 Red Ash 15 8 1.50 1.17 1.00 4.00 0.85 1.000 8
1.5-3.0 | SitySand | 1.5 15 3.00 1.17 100 5.50 0.8%0| 15.00
3.0-6.0 | SitySand | 3 25 6.00 1.17 1.00 8.50 0.9%01.28.00
6-7.5 Silty Sand | 1.5 26 7.50 1.17 1.00 10.00 1.0®0 1 30.00
7.5-10 Silty Sand | 2.5 38 10.00 1.17 1J00 12.50 1.0m0| 44.00

Table 3.4 SPT correction based on Youd et al 200Nib investigation

BH1 Layer Depth | Correction of SPT
Depth Description | Thickness| SPT, e |G Rod Ck | GCs Nso
length,
m
0-0.5 Top soll 0.5 0.50 0.92 1.0 3.00 0/80 1.00
0.5-3.45| M.denseto |2.95 20 3.45 092 1.00 5.95 0.85 1,006
silty sand (ash
deposit)
3.45-5 M. denseto | 1.55 5.00 092 1.00 7.50 0.95 1.00
silty sand (ash
deposit)
5.0-6.4 | Moderate 14 6.40 0.92 1.00 8.90 0.95 1.00
weath. Ign.
6.4-8.45| M. dense 2.05 24 8.45 092 1.00 1095 1.00 1P
sandy silt
8.45- M. dense 2 20 1045| 092 1.00 12.9% 1.00 1,008
10.45 sandy silt
10.45- | M. dense 2 23 12.45| 092 1.00 149% 1.00 1,021
12.45 sandy silt
12.45- | M. dense 2 27 1445| 092 100 16.9%5 1.00 1,025
14.45 sandy silt
14.45- | M. dense 2 20 16.45| 092 1.00 18.9% 1.00 1,008
16.45 sandy silt
16.45-20| M. dense 3.55 20.00| 0.92 1.00 2250 1.00 100
sandy silt

Table 3.5 SPT correction based on Youd et al 2060 8EPDM investigation

BH3 Correction of SPT
Layer SPT| Depth, | C Cs Rod Cr Cs Nso
Depth Thickness| rec | m length,
(m) Description m
Organic
0-1.2 Clayey Silt 1.2 6 1.20| 1.1y 1.00 3.70 0.80 1{00 06}0
Stiff Clayey
1.2-3.0 | silt 1.8 15 300| 117 100 550 085 1,00 15.00
Slightly
3.0-4.5 | Weathered 15 450 1.7 1.00 7.0 0}]95 1.00
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Tuff

Fresh Welded
4.5-7.0 | Tuff 2.5 7.00 | 1.17] 1.0 9.5 0.95 1.00
7.0-
10.0 Soft silty sand 3 1 10.0 1.17 1,00 12|50 01.2.00| 14.0

3.2.3.2 SPT -¥correlations

Characterization of the small-strain shear modalus the shear-wave velocity of soils is an
integral component of various seismic analysesudicg site classification, hazard analysis,

site response analysis, soil-structure interaamh most importantly, liquefaction. The Next

Generation Attenuation ground motion prediction agns use the shear-wave velocity of

the top 30m of the subsurface profilesgy as the primary parameter for characterizing the
effects of sediment stiffness on ground motionsi(Waal. 2012). The SPT practices vary

significantly from region to region due to differs in equipment and procedures, It has to
be corrected for standard practice before usedrirelation to shear wave velocity.

Normalization of penetration data i.e. overburderrection is not required for estimation of
Vs, and/or calculation of ¥4 (Wair et al. 2012). For some applications, suchcpgfaction
triggering assessment, it may be necessary to niaends estimates to a reference stress
level. In such cases,s\tan be estimated from non-normalized penetratesistance, and
then normalized for overburden (Wair et al. 2012).

Estimation of \4 from penetration test, SPT, is improved when aalikil parameters such as
confining stress (depth), geology (depositionaliemment, aging, etc.), and soil type are
considered (Wair et al. 2012).

Ohta and Goto (1978) identified four index propestithat were related to shear-wave
velocity, Vs with SPT-N value, depth, geologic age, and sqiktyData points were divided
among categories based on geologic age (Holocah®lamstocene) and soil type (clay, fine
sand, medium sand, coarse sand, sand and gradegrawvel). Silts were placed under the
clay category. Moreover Wair et al. (2012) recomdsehcorrelation equations after studying
plenty of SPT vs shear-wave velocity correlatioinge 1960. For this study, Ohta and Goto
(1978) and PEER NGA 2 recommendations by Wair.g2al12) are adopted. The equations
suggested by Ohta and Goto (1978) are given asifsll

For clays and silts without overburden Holocene alyevium deposition,

(3.1)
Vg =90.6NS*
For clays and silts with overburden Holocene aje/aim deposition,
Vg = 67.5N,,> "D (3.2)

Page 29



Chapter 3 Data acquisition and processing

For sand without overburden,

Vg = 95.6N,,°% (3.3)

For sand with overburden,

Vg = 73.3N,,'D % (3.4)

WhereD is depth measured down from the surface.

PEER recommendation for correlation of SPT witha&@teave velocity is described in Table
3.6.

Table 3.6: Recommended SPT—stressedfrelation equations by PEER (after Wair et al.
2012)

Soil type Vs for Quaternary Age scaling factors
soils(m/s) Holocene Pleistocene

All soils 30N, %0 ' *%7° 0.87 1.13

Clay & Silts 26N, 0 ! 0% 0.88 1.12

Sands 30N, *%0 %% 0.9 1.17

Gravels - Holocene 53N, 0% 0% e | s

Gravels- Pleistocene I I e N

Whereg ', is the effective overburden stress measured in kPa

Based on Ohta and Goto (1978) and PEER correlatpmtions four selected SPT profiles
with shear-wave velocity correlation is tabulatediable 3.8 through Table 3.11. For layers
below ground water table saturated unit weight Haeen computed from their corresponding
specific gravity and moisture content (Appendix A)

3.2.3.3 Shear wave velocity of the ignimbrite

For moderately weathered fractured tuff, the stadlin shear modulus shall be computed
according to Choi (2008).

G, =13.132 %% (3.5)

WhereG,_ in MPa and, in Kg/m®

Hence shear wave velocity shall be derived fronréfegion

Go=Po\ (3.6)
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Wherep is bulk density of soil

Table 3.7 Shear-wave velocity of Ignimbrite layait€r Choi 2008)

SITE  Depthrange, Unit Weight, Kg/m  Gmax, MPa Vs, m/sec
m

PIH 3.3-6.4 2423 22326 3035

NIB 5-6.4 2267 13830 2470

SEPDM 3.0-4.5 2267 13830 2470

SEPDM 4.5-7 2456 24706 3172

3.2.3.4 Ground water table, GWT

The Hawassa lake level has been rising time to tone to different reasons. The record
between 1969 and 1998 revealed the lake levelddige3.82m (Dessie and Tesema 2003).
The lake level rise obviously raises the groundewadble to the ground level of the city.

Recent investigation performed on ground wateretdbVel shows that the water table is
found at shallower depth (Tefera 2004).

Based on the information available from the geatexdi investigations, GWT levels have
been recorded at PIH, NIB and SEPDM sites. Howewverground water showed up in the
10m depth of investigation in the HIP site. Pregi@tudies have been referred to assess the
historically shallowest (highest) groundwater lsvébr the selected sites. According to
Tefera’s (2004) research the HIP area GWT levejedrnfrom 1698 to 1703 above sea level
as shown on Figure 3.2 and ground elevation is d&twl1704 and 1712 above sea level.
Hence, a GWT at 10m from the ground surface is &dbfor Hawassa Industry Park area.

The GWT level has been recorded at NIB site atrh3dairing the borehole drilling. At
SEPDM site water table record at 3m depth from gdosurface. Moreover, the Vertical
Electrical Sounding (VES) survey showed that a Ilyiglonductive layer is found at shallow
depth above and below the ignimbrite layers on S#Pahd NIB sites (Section 3.3.3).
Considering the seasonal fluctuation and the agdécbehavior of welded-tuff, the GWT of
NIB is projected to 3m depth from the ground swefac
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Figure 3.2 Hawassa city ground water table. Aftefefa (2004)

Table 3.8 SPT — shear wave velocity correlatioRlbf

BH9 Vs Vs
Ohta

Depth Unit Layer | Depth, and

(m) Description Weight | Thick. | m Nso | Goto U |o o PEER
Loose to
medium dense
Sandy silt 18.33 3.3 3.3 10 138 0 60 60 118
Slightly
weathered

3.3-6.4| ignimbrite 24.23 3.1 6.4 - - 10, 136 126 -
Medium dense

6.4-7 | sand 19.54 0.6 7 13 167 33 147 114 145
Medium dense

7-9 sand 19.54 2 9 27 199 53 186 1B3 17§
Medium dense

9-11 sand 19.54 2 11 25 205 73 225 153 180
Medium dense

11-15 | sand 19.76 4 15 25 218 11305| 193 | 190
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Table 3.9 SPT — shear wave velocity correlatioRl bt

BH-B35C Vs Vs
Ohta
Depth Unit Layer | Depth, and
(m) Description| Weight | Thick. | m Ns¢c |Goto | Ul |o |PEER
0-1.5 Red Ash 1281 | 1.5 1.5 8 113 |0 19 19 86
1.5-3. Silty Sand | 14.29 1.5 3 15 145 O 41 41 118
3.0-6. Silty Sand | 14.29 | 3 6 28| 185/ |0 84 84 161
6-7.5 Silty Sand | 14.29 | 1.5 7.5 300 196 |0 10B05| 172
75-10 |SiltySand | 14.29 | 2.5 10 44| 221 |0 14141|201
Table 3.10 SPT — shear wave velocity correlatioN i&f
NIB- BH1 Vs Vs
Ohta
Unit Layer Depth, and
Depth (m) Description Wt. | Thick. m Nec Goto U o o  PEER
0-0.5 Top soil 17 0.5 0.5 0 9 9
M. dense to
0.5-3.0 silty sand 17 2.5 3 16 146 51 51 126
M. dense to
3.0-5 silty sand 17 2 5 16 162 20 85 65 134
Mod. weath.
5.0-6.4 Igni. 22.67 1.4 6.4 - - 33 117 -
M. dense
6.4-8.45  sandy silt 17 205 8.45 22 190 53 152 158
M. dense
8.45-10.45 sandy silt 17 2 10.45 18 192 73 18613 156
10.45- M. dense
12.45 sandy silt 17 2 12.45 21 204 93 22027 166
12.45- M. dense
14.45 sandy silt 17 2 14.45 25 216 11254 141 177
14.45- M. dense
16.45 sandy silt 17 2 16.45 15 203 13288 156 161
M. dense
16.45-20  sandy silt 17 3.55 20 0 167348 181 0
Table 3.11 SPT — Shear wave velocity correlatioBEPDM
BH3 Vs Vs
Depth | Description Unit Layer Depth, Ngy Ohta& U o ¢ PEER
(m) Wt.  Thick m Goto
0-1.2  Organicsilty 15 1.2 1.2 6 95 0 18 18 78
clay
1.2-3.0 Stiff silty clay = 18 1.8 3 15 133 0 50 50 127
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3.0-4.5 Slightly 226 15 4.5 - - 0 84 84 O
Weathered 7
Tuff

45-7.0 Fresh Welded 245 25 7 - - 0 146 146 -
Tuff 6

7.0- Soft silty sand = 14 3 10 14 182 69 19728 151

10.0

3.2.3.5 Extrapolation of shear wave velocity

In many cases, ydata (either measured or estimated from geoteahdata) does not extend
to a depth of 30 m. In these cases, extrapolatioshallow velocity data is required to
estimate the ¥3p (Boore 2004 as cited by Wair et al 2012). Bod?@04) proposed an
extrapolation method based on statistical analgéiborehole data in California. And the
extrapolation has been verified by different patshe world, Europe, turkey, and Japan
(Boore et al. 2011). According to the study reglahtierences in geology or geomorphology
do not affect the equation. Hence the extrapolatiguation of Boore (2004) has been used to
compute time average of the upper 30m shear-waeeitye The extrapolation Equation 3.7
also used to compute the shear-wave velocity efim¢diate layers.

logVg,, = a+ blog Vg, (3.7)
Where VS30 and ¥ are timed average shear-wave velocity of the top 8epth and to the
depth of known shear-wave velocity respectivelgind b are regression coefficients as given
by Boore (2004) on Table 3.12

Four representative boreholes from each site dexted for extrapolation and for further
analysis. The PIH site investigation revealed thatvesicular basalt was found at 20m depth.
Therefore the PIH site extrapolation is perform@@@m depth. The remaining three sites are
computed for 30m depths. See Table 3.13.

Table 3.12 Regression coefficients of Boore (2004)

Depth = Regression Coefficients Depth (m) Regression Coefficients
(m) a b a b

10 0.042062 1.0292 20 0.025436 1.0095
11 0.02214 1.0341 21 0.025311 1.0072
12 0.012571 1.0352 22 0.0269 1.0044
13 0.014186 1.0318 23 0.022207 1.0042
14 0.0123 1.029 24 0.016891 1.0043
15 0.013795 1.0263 25 0.011483 1.0045
16 0.013893 1.0237 26 0.006565 1.0045
17 0.019565 1.019 27 0.002519 1.0043
18 0.024879 1.0144 28 0.000773 1.0031
19 0.025614 1.0117 29 0.000431 1.0015
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Table 3.13 ¥3pand intermediate layerdby extrapolation equation 3.7 of four sites

PHI BH9 HIP BH- NIB BH1 SEPDM | BH3
B35C
Depth | Vs Depth Vg Depth | Vs Depth Vs
(m) (m) (m) (m)
0 138 15 113 0.5 146 1.2 95
3.3 138 3 145 3 146 3 133
6.4 181* 6 185 5 162 4.5 141*
7 167 7.5 196 6.4 181* 7 141*
9 199 10 221 8.45 190 10 182
11 205 11 217 10.45 192 11 182
15 218 12 214 12.45 204 12 178
16 228 13 213 14.45 216 13 175
17 226 14 239 16.45 203 14 197
18 234 15 215 17 224 15 177
19 244 16 232 18 230 16 190
20%* 248 17 230 19 240 17 187
18 238 20 244 18 193
19 248 21 254 19 203
20 252 22 252 20 206
21 263 23 265 21 214
22 261 24 271 22 212
23 274 25 276 23 225
24 280 26 283 24 231
25 285 27 280 25 235
26 292 28 288 26 241
27 290 29 283 27 239
28 298 30 286 28 243
29 293 29 238
30 295 30 241

*Dummy value (for computation purpose only)

** The geotechnical investigation report revealedttat PHI site massive rhyolite was found
at 20m depth from the ground surface.

3.3 Subsurface Data Collected from Direct Geophysat Investigations
3.3.1 Introduction

All the geotechnical investigation data available g@enetration based insitu and basic
laboratory tests. The available information gattleage standard penetration test (SPT),
laboratory results and engineering soil classifocabf shallow depth extended from 10m to
17m . For liquefaction potential analysis, the upp@m shear-wave velocities and related
dynamic soil properties are required. Based on fait, further investigations were

Page 35



Chapter 3 Data acquisition and processing

performed in and around the city by seismic refoacand vertical electrical sounding (VES)
survey in the vicinity of boreholes stated in Sact8.2.1 Figure 3.1 (b).

* Objective of the investigation

The objective of the investigation is to get prigndata on shear-wave velocity, ground water
level and bedrock level if it is found in the extefinvestigation and stratification of the soll
deposit for the application of liquefaction potahissessment.

e Prior information

Prior information has been gathered from geotecthimwestigation reports, geological maps,
JICA maps and previous studies. The documents shdha the study area is founded on
thick lacustrine deposit with scattered islandshyflite outcrops in the southern and south
west of the city. The interbedded layer of ignindrietween the thick lacustrine deposits
shows an aquiclude behavior. Hence, ground waterexpected at shallow depths in most
parts of the city. The survey was conducted inotderonfirm this proposition. Moreover,
repeated site visits were made to see the posgldees to conduct geophysical
investigations, and to get permission from the @tministration. Of the available and
proposed open spaces in and around the city, ites Bave been selected to conduct the
survey.

3.3.2 Geophysical methods

Seismic refraction and vertical electrical soundimgethods have been performed
alternatively at four different selected siteslod tity to supplement the secondary data. The
seismic refraction helps to establish the stratifan and provides primary (compressional)
velocity data. The electrical resistivity methaastbeen used to locate ground water table in
addition to mapping the stratification and resisfiof layers for further correlations.

3.3.2.1 Seismic refraction
1. Theoretical background of seismic refraction survey

The seismic refraction method is well suited fongral site investigations for soil dynamics
and earthquake engineering purposes. This techpiquédes for the determination of elastic
wave velocities of a layered soil profile. Wave oglies and thickness of each layer are
determined as long as the wave velocities increaseeach successively deeper layer. The
test aims to accurately measure the arrival-tinigleoseismic body waves, which consists of
Compression P- and shear S- waves, produced bgrasngace seismic source. The waves
travel through the solil to a linear array of detest(geophones) placed at the ground surface.
Compression P-waves arrive at a receiver fastan #tear S-waves, thus obscuring the
arrival of the latter waves i.e. the S-waves. Tfweethe P-waves have been widely used in
seismic refraction tests (Luna et al. 2000).
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Seismic refraction surveys are useful in obtainigliminary information about the
thickness of the layering of various soils and dlepth to rock or hard soil at a site. P-wave
refraction is used to locate underlying bedrockfations and S-wave refraction can be used
to obtain the small strain stiffness profiles. Hoee as stated above, S-waves are usually
obscured by P-wave. Hence a rich source of sheariaggy is needed to generate shear wave
velocity. Alternatively it can be derived from thelation between the two wave velocities
assuming an elastic medium.

2. Mechanism

The refraction method consists of measuring theetrimes of the compressional waves
generated by an impulsive energy source. The clodieaergy sources are usually dependent
on the depth and material type to be surveyed. ifipailse energy is detected, amplified,
and recorded by special equipment designed foptlmigose (Figure 3.3).
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Figure 3.3 some of the equipment used for seisafiaction (a) geophones (b) Seismograph
(c) energy source

Some of the seismic energy travels along the serria¢he form of a direct wave. Parts of
body waves propagate to the inner surface. Howavieen a seismic wave encounters an
interface between two different soil and/or rockels, a portion of the energy is reflected
and the remainder will propagate through the ldgemdary at a refracted angle according to
Snell's law (Figure 3.4 (a). At a critical angleintidence the wave is critically refracted and
will travel parallel to the interface at the spesdthe underlying layer. Energy from this
critically refracted wave returns to the surfacehe form of a head wave, which may arrive
at the more distant geophones before the direcewBy picking the time of the first arrival
of seismic energy at each geophone, a plot of itawe against distance along the survey
line can be generated as described in Figure 3.4b.

Another approach available for the interpretatidnrefraction data is the modeling and
inversion of the acquired seismic velocities. By deling the paths taken through the
subsurface by the seismic energy, or ‘ray tracitigg, thickness of each layer in the model
can be adjusted in an iterative manner until atgwius achieved. This produces a cross-
sectional velocity model of the subsurface.

Angle of N Geophones
incideanJ = . 4 b VD V&:‘v:‘ &v "V "V ’V h 4 \\_::_:
oo Vv,
ed -\ — ) s '
\ ol V.
V C - etacied w -~ V
—e— I
_ ———  Siope = 1/,
,
! ) w Siope = 1/V.
2 _
> _
et Angle of Slope = 17V,
i refraction -
Distance
(a) (b)

Figure 3.4 Seismic refraction survey (a) Snellis (&) Schematics of seismic refraction
survey

3. Limitation of refraction methods

The two major potential problem areas in refracsanveys are the phenomenon of a “blind
zone” and the effect of a velocity reversal (RedpE273). The term blind zone refers to the
possible existence of a hidden layer, i.e. the ilitabof the refraction seismograph to

differentiate the existence of certain beds oriayecause of insufficient velocity contrast or
thickness. Another functional problem that can oéouefraction surveys is the existence of
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a velocity reversal that will result in erroneowsnputations of depths to underlying beds. A
velocity reversal can exist because of a low-véyolayer or because of a high-speed layer
(Redpath 1973).

4. Field work

The crew has been organized to perform the teshenpossible short period of time to
optimize the cost with the quality of data requirétierefore, one person is assigned at the
data logger to give order for triggering crew a thoment of lower noise and when the data
logger is ready for recording. And the triggeringw will perform the maximum effort to
trigger the plate for maximum depth of investigati@he vertical electrical sounding crew
also organized in the same way. Both methods aferpeed one after the other in the similar
locations.

The seismic refraction method has been used atsites. Three of the sites were studied by
an in-line spread of 24 geophones and the HIPvgi® studied with 36 in-line spread of
geophones with 4m spacing. The triggering unitsl@iey hammer, triggering cables, 15cm
metallic plate as shown in Figure 3.3. In the 24ine spread geophones the shot points are
located at 2m, 22m, 42m, 50m, 70m, and 90m. Anithén36 in-line spread geophones the
shot points at 98m, 118m and 138m are includediditian to the 24 geophone spread shot
points. At each shot point 6 to 8 shots with a 1@kghmer were performed. Some of the
actevities are presented in Figure 3.5.

@
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(b)

() (d)

Figure 3.5 Geophysical investigation sites a) $it®mora gedel site (close to progress Int.
hotel) (b) Hawassa Industry Park (c) Agricalturallege of Hawassa University. (closer Nib
Bank ) (d) Hawassa Meskel square ( SEPDM office)

5. Output of seismic refraction survey

While interpreting Seismic refraction output, itsitation should be well addressed. Velocity
reversal is expected in three sites, which havembnte layer interbedded between the
lacustrine deposits. A velocity reversal can ekmstause of a low-velocity layer or because
of a high-speed layer. In either case velocitiesidbincrease progressively with depth, and
at some point in the stratigraphy there is downweadsition to a relatively lower velocity.
This has the effect of refracting the seismic rawawards towards the vertical as shown in
Figure 3.6. Refractions from such a low-velocitydacannot be detected at the surface, and
the existence of this layer cannot be determinerh fthe time-distance curve. The ray will
not return to the surface until it encounters aetawith a velocity higher than any layer
previously encountered in its downward travel (Redpl973). The output is presented in
Figure 3.7 to Figure 3.10. The procedure needsiapeare and good experience in
geophysical interpretation because differentiajidse like waves from refracted wave is
difficult in a survey like Hawassa which have thlokse deposit. For analysis the ignimbrite
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layer will be inserted at their respective deptinfrthe borehole as well as vertical electrical

resistivity output.

Where U<V,>V3

Figure 3.6 Velocity reversal
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Figure 3.7 Seismic refraction output of site 1 (AR® GEDEL)
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Figure 3.8 Seismic refraction output of site 2(HIP)

(m) Analysis Section
0 |
-10
862
800
= <20 » e
& 674
2 30 , 611
- 548
485
0 a2
359
'50 . - - . + ! ! :97
0 10| 20 30 40 S5 6 70 8 9 100 (m's)

Distance (m)

Figure 3.9 Seismic refraction output of site 3 (AGRLTURAL COLLEGE)
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” Analysis section
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Figure 3.10 Seismic refraction output of site 4 BKEL SQUARE)
6. Shear-wave velocity computation

Shear-wave velocity can be determined from anyhefdlastic constant and primary wave
velocity relation. Relative variations between dhgee independent elastic constants can be
related to variations of YVsas shown in Figure 3.11 (Uyanik, 2010).

05 14
u 74-
~ 03 e / 1om
— X
= 0.25-_---_7/ /ﬂc o)
o | w
= 0.1 / 6 &
S 25 v o
2 00 - 4 B
o
- -0.1 EG 2
1.67
0.2 0
13 15 - 25 3 35 4
Vp/Vs Ratio

Figure 3.11 E/G (the ratio of elasticity and riggdli K/G (the ratio of incompressibility and
rigidity) andv (Poisson’s ratio) changes versugWs (the velocity ratio) (Uyanik 2010)
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From Navier's equations for dynamic equilibrium teation between shear-waw) and
compression-wavevp) velocities is given by

Vo _ || 122 (3.8)
Vs 2(1-p) '

Whereu is Poisson’s ratio
Poisson’s Ratio

Fine particles in soil play a significant role irefshing the mechanical properties and
deformation characteristics. So, investigationioé fcontents of soil is important to estimate
Poisson’s ratio. Poisson’s ratio values are founde influenced by amount of fines in sand.
Increasing amount of fines tend to increase theddoi's ratio (Suwal and Kuwano 2012).

Considering the fine content in the boreholes &wedrainge of values given for silty sand and
sandy soil by Essien et al. (2014), a Poissonie t0.35 is adopted for shear-wave velocity
computation using equation 3.8. The values areigeovin Table 3.14.

7. Shear wave velocity extrapolation

The depth of investigation doesn’'t reach 30m bexanfsloose deposit and low energy

efficiency. Hence extrapolations of shear-wave ei@les have been performed for all sites
except Amora-Gedel site because it has measuredtadahe depth of analysis. Similar to

section 3.2.3.5, extrapolation of shear-wave v@jolcas been carried out based on Boore’s
proposed method for three sites in Table 3.15 (B@004)

Table 3.14 Shear-wave velocity computation fronsisé refraction output a) Amora-gedel,
b) HIP c) Agricultural College d) Meskel square

AMORA-GEDEL (PIH) = HIP SITE AGRI-COLLEGE (NIB) = MESKEL SQUARE
SITE 1 SITE 2 SITE 3 (SEPDM)- SITE4
TH 0.35 GWT , 035 GWT =03 035 GWT |, 0.3  GWT
=0.35 @ =0.35 @ 5 @ =035 5 @
3.6m 10m 3m 3m
Depth | Vj, Vs, Depth | Vp, Vs, Depth | Vp, Vs, Depth | Vp, | Vs,
(m) m/s m/s (m) m/s m/s | (m) m/s m/s | (m) m/s  m/s
1 290 | 139 1 251 121 1 297 143 1 331 159
2 290 139 2 273 131 2 297 143 2 345 166
3 290 139 3 319 153 3 297 143 3 372 179
4 408 19 4 341 164 4 318 153 4 399 192
5 408 196 5 364 175 5 338 163 5 412 198
6 670 322 6 387 186 6 359 172 6 439 211
7 670 322 7 410 197 7 422 203 7 453 218
8 827 397 8 432 208 8 485 233 8 480 231
9 827 397 9 455 219 9 611 294 9 521 250
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10 827 397 10 478 230 10 674 324 10 548 263
11 1037 498 11 500 240 11 737 354 11 574 276
12 1037 498 12 500 240 12 800 384

13 1087 522 13 523 251 13 862 414

14 1087 522 14 546 262

15 1087 522 15 569 273

16 1142 549 16 591 284

17 1142 549 17 614 295

18 1168 561 18 658 316

19 1168 561

20 1168 561

Table 3.15 Shear-wave velocity extrapolation faeimediate layers of HIP, Agricultural-
College, and Meskel Square sites

HIP AGRI-COLLEGE (nearby MESKEL SQUARE (SEPDM)
NIB)
Depth Vs, m/sec Depth (m) Vs, m/sec Depth (m) Vs, m/sec
(m)
1 121 1 143 1 159
2 131 2 143 2 166
3 153 3 143 3 179
4 164 4 153 4 192
5 175 5 163 5 198
6 186 6 172 6 211
7 197 7 203 7 218
8 208 8 233 8 231
9 219 9 294 9 250
10 230 10 324 10 263
11 240 11 354 11 276
12 240 12 384 12 254
13 251 13 414 13 256
14 262 14 278 14 288
15 273 15 250 15 258
16 284 16 270 16 279
17 295 17 270 17 279
18 316 18 279 18 289
19 267 19 290 19 300
20 271 20 295 20 305
21 282 21 307 21 318
22 281 22 306 22 317
23 293 23 317 23 328
24 300 24 324 24 335
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25 305 25 330 25 340
26 313 26 338 26 349
27 310 27 336 27 347
28 320 28 347 28 359
29 315 29 342 29 354
30 318 30 346 30 358

3.3.2.2 Electrical resistivity method

The electrical resistivity method involves the megament of the apparent resistivity of soils
and rock as a function of depth or position. Thastevity of soils is a complicated function
of porosity, permeability, ionic content of the pdluids, and clay mineralization. Regardless
of electrodes spread, there are two methods engblimyelectrical resistivity methods these
are vertical electrical soundings (resistivity sdungs) and resistivity profiling (Telford et al.
1990).

1. Vertical electric sounding

Vertical electric sounding (VES) employs collinearays designed to output a 1-D vertical

apparent resistivity versus depth model of the grise at a specific observation point. In

this method a series of potential differences auised at successively greater electrode
spacing while maintaining a fixed central referepoet. The two most common arrays used
for VES are the Wenner array and the Schlumbengay.aSchlumberger array has been used
for this study.

2. Mechanism of Schlumberger array methods

In Schlumberger array only two of four electrodes moved between successive readings.
The potential electrodes are fixed except when dingent electrodes become relatively
distant, the potential electrode spacing need t@ganded in order to have measurable
potentials.

The apparent resistivity is the bulk average resigtof all soils and rock influencing the
current flow. It is calculated by dividing the maesd potential difference by the input
current and multiplying by a geometric factor sfiedio the array being used and electrode
spacing.
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Figure 3.12 Schlumberger array VES schematics

The apparent resistivity of Schlumberger arrayiveig by

_ ﬂ(AB/ 2y (ﬂj

pa

2MN I

(3.9)

Where AB is distance measured between currentretlet, MN is distance between
potential electrodes as shown in Figure 3.A%, is potential difference antis current

measured.

3. Field work

The purpose of this survey was to characterizeldbation of bedrock if it is found in
shallower depth and depth of ground water table getting information for backing the
seismic investigation. The survey was made at @ingessites as the seismic refraction survey
sites. Locations of the study are presented inrEBigul3.
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Figure 3.13 Geophysical investigation location andntation
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4. Interpretation and output

Data acquisition and processing

Interpretations of multi-layer VES survey performég using IPlI 2win software are
presented from Figure 3.14 to Figure 3.17.
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Figure 3.14 vertical electrical sounding test restiAmora-Gedel (a) VES —V1 profile (b)
VES- V2 profile
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Figure 3.15 vertical electrical sounding test restiHawassa industry park (HIP) (a)
investigation site location (Google Earth), (b) VE®1 profile (C) VES- V2 profile (d)
vertical section of HIP to the depth of investigati
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Figure 3.16 vertical electrical sounding test restiAgricultural college (a) investigation site
location (Google Earth), (b) VES —V1 profile
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Figure 3.17 vertical electrical sounding test reestiMeskel Square (Near SEPDM site), (a)
investigation site location (Google Earth) (b) VE®1 profile

The vertical electrical sounding test output regdathat there is conductive layer at
shallower depth followed by thin layer high elecatiresistant layer at 3.m,3.3m,2.50m, and
4.9m from ground surface in Amora-Gedel, HIP, Agltural college and Meskel square
sites respectively . These result confirmed therbedded ignimbrite layer found in borehole
investigation except Industry park site, which éfatively dense layer instead. The highly
conductive layer above the ignimbrite and denserlayf HIP shows that the aquiclude
behavior of the ignimbrite layer observed duringdbhmle investigations.
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CHAPTER FOUR
DATA ANALYSES

4.1 Introduction

Liquefaction potential is generally evaluated bynparing consistent measures of earthquake
loading and liquefaction resistance of soil. laiEommon practice to compare cyclic shear
stress amplitude usually normalized by initial \wait effective stress and expressed in the
form of a Cyclic Stress Ratio (CSR), for loadinglam Cyclic Resistance Ratio (CRR), for
resistance. The potential for liquefaction is ttaascribed in terms of a factor of safety
against liquefaction, FSCRR/CSR (Kramer 1996). Simplified method of licaetifon
potential analyses involves the determination afugd surface maximum acceleration

(a,.), SPT value, shear-wave velocity, fines content.efthe ground surface maximum
acceleratiorg,_,, shall be determined from site response analysesthis purpose, input

ground motion selection from past recorded groumdion is a common practice. A total of
seven ground motions are selected d&Qr determination in this study. Three motions from

the crustal earthquake database of PEER NGA weane2four commonly recommended
(Yoshida 2015) and deconvolved ground motions byeHa996) from four different events
i.e. Elcentro, Hachinohe, Kobe and Taft are setefbe the analyses. The soil models are
adopted from literature. And the soil profiles the analyses are extracted from processed
data presented in Chapter Three. Knowing the graumrthce maximum acceleration from
different combination of the above input parametkgsiefaction potential assessment of the
study area is conducted using SPT based and Slaarwelocity based simplified methods.
The flow of work is presented in Figure 4.1.
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Figure 4.1 Methodology used for liquefaction poigrassessment of Hawassa
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4.2 Liguefaction Potential Analysis using Simplifie procedure

A simplified method based on both a liquefactiosistance factor (FL) and liquefaction
potential factors (PL) have been proposed for eatalg soil liquefaction potential. As a
result of various detailed studies on the liqueteciof sandy soils, several simplified and
complex methods have been proposed to evaluatéqinefaction potential. Based on the
simplified method, the liquefaction potential ofhessionless soils can be estimated from
SPT N-values or Vs, unit weights, mean patrticlergiters, and the maximum acceleration at
the ground surface. The determination of the maringuound surface acceleration involves
an intensive computation process in liquefactioteptial evaluation in a site specific study
where there is no attenuation relation.

The preferred method for estimating, . is through empirical correlations o, with

earthquake magnitude and distance from the seisn@ogy source and local site conditions.
Selection of an attenuation relationship shouldased on factors such as seismicity of the
country, type of faulting, and site condition (Yoatal. 2001). The East African Rift is one

of the places where recorded strong motion dataaaeeand thus there is in effect no Ground
Motion Prediction Equations (GMPE), that are dietiased on strong-motion data (Ayele

2017). Therefore, estimation @&f ,, for soft soil and other soils from local site respe

analysis is mandatory. The Computer program DEERS@IL1 of Hashash et al. (2012) is
used for the analysis conducted in this work.

Peak ground acceleration prediction from site respoanalysis by DEEPSOIL requires
selection of input ground motion, soil profile dathear wave velocity of the upper 30m,
suitable soil model and ground water level.

4.2.1 Input Motion Selection

Input motion records are available in free-accasterimet databases, such Halian
Accelerometric Archive ITACA)(http://itaca.mi.ingv.it/ltacaNet/ Pacific Earthquake
Engineering Research Center (PEER) (http://pedwehey.edu/) and ITSAK (Greek for
Institute of Engineering Seismology and Earthquikegineering Research and Technical
Institute) (http://www.itsak.gr), etc. Compareddiher strong-motion databases, the PEEER
Next Generation Attenuation ( NGA) west 2 database particularly rich in site
characterizations, like 8o (Chiou et al. 2008). The input motions used irs thiudy are
extracted from PEER NGA 2 west database, becauaeaits shallow crustal earthquake
records, which the study area is characterized'bis selection is based on matching record
characteristics in terms of magnitude and sourstaxces. Tectonic class and site class are
also considered in the selection process. Thetsmbeprocess is carried out based on the
recent proposed Stewart et al. (2014) procedure stéps are summarized as follows:

1. The first step involves pre-selecting the groundiomorecords from the PEER —NGA
west 2 website having reasonable magnitude, fasiirice, source mechanisms, and
site conditions with respect to the study areaséggested by Stewart et al. (2014),
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the site condition used in the pre-selection shbeldoughly compatible with that for
the reference site condition for GRA.

2. The next step involves selecting motion that predidgood matches to a target
spectrum, which implicitly accounts for many of tigove issues.

4.2.1.1 Pre-selection of Input Motion

During the pre-selection step the site compatiiit assured by matching the following
characteristics

* Tectonic regime

* Magnitude and distance
* Duration of earthquake
» Site condition

Typically, the input time histories for site resgenanalyses are specified as rock outcrop
acceleration time histories that are then modifigdhe program to represent time histories in
bedrock underlying the site.

) Tectonic Regime

One of the criteria to comply site condition conilpidity is the selection of motion from
similar tectonic regimes. Since Western United &staind the Horn of Africa earthquakes
hypo-central depth is constrained to shallow c(kisbede and van Eck. 1997; Ayele 2017),
the database of western USA is considered forelezgon of motions.

1)) Magnitude and Distance (for duration estimation)

Seismic hazard analyses and historical recordstlaetwo sources of magnitudes of
earthquake and their corresponding distances.

The PSHA by Kebede and van Eck (1997) shows tlaatddsa is located in zone 2 having
lower bound of moment magnitude of 4 and upper daein7+0.2. The more recent PSHA
study conducted by Ayele (2017) revealed that thdysarea has a moment magnitude of 4.1
and 6.61+0.15 as a lower and upper bound, respécti©On top that, the United States
Geological Survey (USGS) report and the seismisitydy conducted by Gouin (1979)
confirms that the study area has been frequensiyed by earthquake magnitudes of 4.4 to
6.3 since 1906. Some of the selected earthquakgda@ted on the Google Earth map Figure
4.2. The seismic epicenters closest to Hawasssuanenarized in the Table 4.1.
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Circle 1 R=10km, Circle 2 R= 13.6km. Circle 3 R=55km,
Circle 4 R=114km, Circle 5 R=170km
Where R is radius of the circles

Note that all circles are drawn with repect to Hawassa

Figure 4.2 Historical recorded earthquakes from 8%@d Seismicity study of Gouin (1979)

Table 4.1 Historical earthquake record of Hawassa JSGS and Gouin 1979)

Year Date Time Latitude Longitude Distance Magnitude
from
Hawassa*

1944 6-sep. ey v 38.5 5Km 6

1960  4-Jul.  18:39UT 74 38.4 12Km 6.3

1983 2-Dec. 23:08:39.49UT 7.0% 38.59¢ 11.6Kkm 5.1
1995 20-Jan. 7:14:27.20UT 7.6 38.447¢ 14Km 5

2017 24-Jan. 6:34:35 7.125 38.4184  11.9Kkm 45
PM/9:34 Local
time
* Hawassa location N7.05E38.498 **most probable location of epicenter (P. Gouin)

It can be seen from the PSHA study as well as thrcal records that, Hawassa city is
found in high seismically vulnerable region.

Selecting ground motions having reasonably simmagnitude and distance with the study
area is intended to provide generally compatiblations and spectral contents.
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Duration Estimation

For strong magnitude, duration is more related @mgmtude than distance. So distance
criteria need not be strict as far as motion sieads concerned. Selecting a record set with
a representative range of durations is especialfyortant in motion selection. Table 4.2 is
prepared for 5%-95% significant duration of difiereearthquake based on magnitude
distance pairs from Table 4.1 and considering tBElA& study upper bound of 7.2 (moment
magnitude) of Kebede and van Eck. (1997). The Charigure 4.3 is used for significant
duration estimation (Bommer et al 2008).

-

W
o

20 |

10 |

Siginficant Duration, Dsr (5-95%), sec.

2 l1 2 10 20 100
Rupture distance (km)
—— Abrahmsonand —-—-— Kempton and Bommer et al.
sitva (1996) Stewart (2006) (2008)

Figure 4.3 Significant duration estimation (aftemBmer et al. 2008)

As can be seen in the Figure 4.3, one can readiadluraf approximately 17 sec. for a
distance of 20km and a moment magnitude of 7.5levthe duration is 19 sec for a distance
of 100km for the same magnitude, showing the sefédlct distance has on duration on large
magnitudes.

Table 4.2 Magnitude distance pair of selected @or

No Moment Magnitude R (rupture) Dsr(5-95%) **
1 6 5 5.75

2 6.3 12 9.2

3 5.1 11.6 4.4

4 5 14 5

5 4.5 11.9 3.19

6 7.2 20* 16

Note: *20km distance is taken arbitrarily considgrrupture distance has a lesser effect on
determination of duration for large moment magretud
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** Predicted duration as per Boomer et al. (20@pmmendation
1) Site Conditions

A site condition is best represented by averagarsivave velocity of the upper 30m )

as far as site class is concerned for motion sefectin order not to be too restrictive in
motion selection and as to unnecessarily limit nibenber of candidate input motions, the
motion pre-selection was carried out from all obsssf soil at this stage.

4.2.2.2 Selection Based on Target Spectrum

After the pre-selection, additional parameters sashelastic response spectra and scaling
factor are also considered. The shape of the regp@pectrum should be the final
consideration when filtering ground motions. Theugrd motions that provide good match to
target spectra will be selected at this stage.

)) Elastic response spectra

According to the revised building code of Ethiopi& EN 1998:2015, the horizontal elastic
response spectrume ), for seismic design of buildings is given byatjon 4.1.

S(N=a. S[“TLB(U(Z'S)_ﬂ 0<T<T,

Se(T)=g. Sn. (2.5 T,<T<T,
S(M= SUZS{T—C} T, <T<T, @4
X g §7.2.5. T cST<T,
S(M=a, 97.(2.5{ T_‘I{;I_D} T,<T<4S

Where

S.(T) = Elastic Response Spectrum;
a, - Peak ground acceleration at site class A (rock);

T, - Lower limit of the period of constant spectrateleration branch;

Tc- Upper limit of the period of constant spectrateleration branch;

Tp -The value defining the beginning of the constaspldcement response range of the
spectrum;

S- site soll factor;

n — Damping correction facton£1 for 5% damping).
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The soil factor and g, Tc, and T are given by the code for Type 1 and Type 2 design
spectra depending on maximum anticipated magnitadge (Type 2 recommended only for
Mw<5.5 and Type 1 spanning across all magnitude gndaticipated moment magnitude
for the study area exceeds 5.5 as confirmed bgttidies described earlier. Furthermore, the
moment magnitude that is believed to cause ligtiefacs usually greater than 6 (Ambraseys
1988 as cited in Kramer 1996). For these reasogpe TL spectrum is selected and is
presented as follows.

Table 4.3 Type 1 factors for acceleration respapeetra (ES EN 1998:2015)

soil S B TC TD
class

A 1.00 015 04 2

B 1.20 0.15 0.5 2
C 115 020 06 2
D 1.35 0.20 0.8 2
E 140 015 05 2

The bedrock level peak ground acceleration fromngnw code has not been considered for
this study because of the inconsistency of the R@Wes in the document. The PGA of
Hawassa from the seismic risk/hazard map of the e®dead as less than 0.8g. While in the
accompanying table the city is assigned a PGAIHd.Due to this serious contradiction, the
PGA of Hawassa is taken from the Global SeismicathzAnalysis Map (GSHAP) by
Giardini et al. (2003). According to GSHAP, Hawassdocated in the region having PGA
between 0.1g and 0.13g (Figure 4.4). By linearrpakation between the contours, city may
be assigned a PGA of 0.11g.

Using this PGA from the GSHAP Map and based onbthsic elastic spectrum of ES EN
1998:2015, design spectra for Hawassa area foerdiff soil classes are plotted and
presented in Figure 4.5. The site class A spectsunsed as a target spectrum to select the
ground motions.

1)) Scaling factor

Candidate input motion can be simply scaled uposyrduniformly to best match the target spectrum
within a period range of interest, without changthg frequency content. The factor used to match
the input motion spectrum with the target spectisitine scaling factorThe objective of scaling is
to select a record suite that is generally compatiith the amplitude and frequency content
of the target spectrum. Scaling factor between @b 4 is recommended by Stewart et al.
(2014). The best motion is one having a scalingpfadose to unity. The period range for the
scaling is adopted from the structural system olvétsa. Considering the anticipated future
development plan of Hawassa, a 20 (twenty) stoiidimg have been considered for this
study as the upper limit. Hence, the period rasdeetween 0.2 and 2sec.
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1) Maximum number of motions

Limiting three to four motions from single event station is a recommended common
practice (Stewart et al. 2014). The motion haviraximum peak spectral acceleration (PSA)
of the two orthogonal records shall be considecedihal filtering.

Thus, Selection of ground motion from PEER west2AN@atabase has been carried out
according to the above stated steps and critehi@.simmery data of selected input motion is
presented in Table 4.4.

Table 4.4 Summery of data selected input motiorEfREIGA west 2 database)

RSN 5-95% Year | Station My | Vs30 Hor.-1 Acc. Hor.-2 Acc.
Duration | Earthquake Name (m/s) Filename Filename
(sec) Name
680 6.2 | "Whittier 1987 5.99 | 969.07
Narrows- "Pasaden RSN680_WHI | RSN680_WHI
01" a-CIT TTIER.A_A- TTIER.A_A-
Kresge KREO90.AT2 KRE360.AT2
Lab"
797 14.2 | "Loma 1989 | "SF- 6.93 873.1
Prieta" Rincon RSN797_LO RSN797 LO
Hill" MAP_RINOOO | MAP_RIN0O9O
AT2 AT2
4083 8.8 | "Parkfield- | 2004 6 906.96
02_CA" "PARKFIE RSN4083_PA | RSN4083_PA
LD - RK2004_365 | RK2004_365
TURKEY 29270.AT2 29360.AT2
FLAT #1
(om)"

The selected acceleration time histories andngartidata are presented in Appendix B.
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Figure 4.4 GSHAP map of Hawassa regions (Giardial.2003)
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Figure 4.5 Hawassa area elastic response speculéféyent class of soil based on ES EN
1998:2015 and GSHAP 475 years return period PGAIg.

4.2.2 Dynamic Soil Properties

The small strain modulus, (s, of the soil profiles is determined from corresgioig density
and shear wave velocity of the various layers. Tbeversion of shear wave velocity to
maximum shear modulus and vise-versa of each l|&yean integrated process in the
DEEPSOIL software. Hence shear wave velocity has lised for the analysis.
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Shear-wave velocity determination

The shear wave velocities of the top 30mgg)/are presented in Chapter 3 as obtained from
correlation and direct measurement. The penetragsuolts (SPT) collected from different
locations in and around the city have been coedl& shear wave velocity and extrapolated
to 30m depths in Chapter 3. The results are predegtaphically in Figure 4.6. Direct
measurement of shear-wave velocity was also peddrat four locations in and around the
city by seismic refraction methods. The processad discussed in Section 3.3 is presented
graphically in Figure 4.7.

PIH Site HIP Site NIB Site SEPDM Site
VS, m/sec Vs, m/sec Vs, m/sec Vs, m/sec
0 1000 2000 3000 0 200 400 0 1000 2000 3000 0 1000 2000 3000
0 — : . 0 T 0 : . 0 |

5 5 5
5
) >
[ 10 | f - 10 B+ ! ] 10
<
= + = - -
Z10 | Z15 215 (1 Z15
o o o, a, *7
a2 a2 a2 2
(o] : 2 (a] (a] 1' [a]
2 4
S
20 20 & 20 |
2 4
15 (4 1
»
> o>
1l 25 25 25
<
<+ -
4 ) ¢
4
20 ¥ <+ 30 ¢

30 | , / 30

Figure 4.6 Shear wave velocity profiles of sitexasiputed from geotechnical investigation
data
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Amora-Gedel site HIP site Agricultural Colege

site Meskel Square site
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T -1000 1000 3000 0 1000 2000 3000
9 : : : :

15—

Depth,m
Depth,m
v
Depth,m
Depth,m.

30 30 !

Figure 4.7 Shear wave velocity profiles of sitesresmsured by using seismic refraction

NOTE; The ignimbrite layer depth is establishedrfrthe geotechnical investigation and the
shear wave velocity as computed by the relatiorrglyy Choi (2008) in section 3.2.3.3.

4.2.3 Modulus reduction and Damping Curves

Gashaw (2012) has studied the shear modulus angbidgmatio values for the soil in
Hawassa city. In his study, he has done good attéongetermine the values at large strain
level from 0.01 to 5%. However his result did noataoh with previous studies of the silty
sand modes such as the pioneering work of Seettasd (1970), which is the well accepted
curve for sand. Moreover the study lacks smallirstrange values which are important for
Equivalent Linear ground response analyses. Hdocé¢his study modulus reduction (MR)
curves are estimated from relationships from oliterature. For sand and clay soils, generic
curves are developed as shown on Figure 4.8 by &wkddriss (1970). lwasaki et al. (1978)
developed overburden dependent modulus reductiavesufor sand. Moreover, PI-
dependent MR curves developed by Vucetic and D¢b®91) as given in Figure 4.9. The
MR and damping ratio curves for this study are Basethe relations proposed by Seed and
Idriss (1970) for the silty-sand layer at the sitd®IH, HIP and NIB, and Vucetic and Dobry
(1991) PI-dependent MR curves are used for SEPiday layers.
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Figure 4.8 (a) Modulus reduction curve (b) Dampngves for different soils (Seed and
Idriss 1991)
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Figure 4.9 (a) Modulus reduction curve (b) Dampagves for different soils with different
Plasticity index (Vucetic and Dobry 1991)

4.3 Equivalent Linear Analysis, EQL

The EQL approach is commonly used in practice bez#uequires straight forward, readily
obtainable soil properties and less computatiofffairtesince the computation process is
performed in the frequency domain (Hashash et@O0P The recommended procedure to
calculate or estimate,,, that would occur at the site is in the absencenaieased excess

pore pressure or the onset of liquefaction. Sopgkak acceleration incorporates the influence
of site amplification, but neglects the influendeesacess pore-water pressure (Youd et al
2001). Hence equivalent linear analysis will beg¢henomic analysis preferred for this study.

The input to EQL site response analyses include;

v" Ground motion time histories (as was discusseédtian 4.2.1).
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v’ Identification of subsurface conditions, includiggometry, stratification, and
depth to bedrock and groundwater (Chapter 3)

v' Specification of basic and advanced material ptogerfor each layer of
subsurface soil and bedrock, such as unit weigthtsaear wave velocity (or low-
strain shear modulus) and shear modulus reduchdrdamping as a function of
shear strain.

4.3.1 Selected Input motions

As discussed in detail in Section 4.2.1, three tinpations have been selected from PEER
NGA 2 west and scaled to the predicted PGA of Hawad bedrock level. Moreover, four
ground motions have been selected as recommendeddingida (2015) due to their good
representation for earthquake resistant design.f@lnremotions have variety with respect to
duration, multiple peak in short range of durateond frequency content (Haile 1996). The
records are given in Appendix B. For this analysisjr deconvolved versions of acceleration
time-histories from Haile (1996) are used afteldisgahe amplitude to suite to the Hawassa
PGA. Therefore, totally 7(seven) acceleration timstories have been used for the analyses.
Figure 4.10 shows spectral acceleration of theedcatotions and the target spectrum of
Hawassa class A (rock). Their scaled acceleratine history is presented in Figure 4.11 and
Figure 4.12.

Acceleration response spectra (scaled)

0.6 ——EL CENTRO

0.5 —HACHINOHE
C
E 0.4 ——KOBE
3
Q
803 ——TAFT
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@®©
©
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(D)
o
(7]

0.1 ~——797-LOMAP

| L
0 § 4083-PARK
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Period, sec. ——HAWASSA (SITE
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Figure 4.10.Spectral acceleration of seven selaut@tbns and Hawassa acceleration spectra
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Figure 4.11 Deconvolved and scaled acceleratiore timstory of (a) Imperial Valley
earthquake recorded at Elcentro station 1940. ,T@Rachi-oki Earthquake, Hachinohe
Record, 1968, (c) Hyogoken-nanbu Earthquake, Kobewsity station 1995 (d) Kern
County Earthquake, Taft Lincoln school Station, 298aile 1996)
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Figure 4.12 Scaled acceleration time histories(af: RSN 680- Whittier narrows-01 EQ
recorded at St. Pasadena - CIT Kresge Lab (b) R&NLoma prieta EQ recorded at St. SF
- Rincon Hill (c) RSN 4083 Parkfield-02_ CA EQ reded at ST. PARKFIELD (PEER,
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Using the selected input motions and processedssifbee data in the previous sections,
equivalent-linear analyses are performed.

4.3.2. Additional considerations for EQL analysis

EQL is employed to solve the 1D shear wave propagatquation (Kramer, 1996). The
function which is used in EQL analysis to deterntime amplification mainly depends on the
soil column properties (i.e., impedance ratios tamled by mass density and shear wave
velocity- damping ratio and layer thicknesses) ttatermine the degree to which each
frequency of input motion is amplified or deamm@di by the soil column. Hence,
discretization of layer and half space to be usednd modeling for EQL shall be
considered.
a) Layer Thickness for discretization

If the layer is too thick, the discretized domaimynfilter important components of the
ground motion and thus may underestimate the graaspgonse. If layer thickness is too
small, the computational cost can be too high. Mlagimum discretization of layer thickness
depends on the natural frequency/period of thegsiten by the equation

V.
maxj :_S ;Tmin :i
4H, f

max

f (4.2)

Where frax is the highest frequency that the layecan propagateys is the shear wave
velocity andH; is the thickness of the layer. The common recontgagons for the maximum
frequency are between 25 — 50 Hz (Hashash et dl5)20ro increase the maximum
frequency of a layer, thinner layer discretizati®nequired.

b) Half space

Stewart et al. (2008) performs site response aealiys study combination of half space with
different input motions. Hence, the input motiopdywith the recommended half space is
described as follow:

(1) If a recorded rock outcrop motion is usedrgmit, the motion should be used without any
modifications. The base of the 1D soil column stda¢ modeled as an elastic half-space.

(2) If a recorded within motion is used like foethimulation of vertical array recording data,
the within motion should be used without modifioas in conjunction with a rigid base

4.3.3 Equivalent linear analysis output

The analysis is conducted in two packages basetioon the subsurface data source is
acquired. The first batch of analysis is conductith the geotechnical investigation
subsurface data, and the second one is run wimsesurvey subsurface data.
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4.3.2.1 EQL analysis based on geotechnical invatsbig data

The outputs shown in Figure 4.13 are obtained bggughe shear wave velocity, from
Section 3.2, which is based on SPT records.
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Figure 4.13 Peak ground acceleration profile at fites for the seven input motions scaled
to 0.11g at bedrock using shear wave velocities fgeotechnical investigation reports

The peak ground accelerations at the surface haem Ipicked from the profiles and
summarized in Table 4.5.

Table 4.5 PGA summery at ground surface from EQialysis based on geotechnical
investigation data

SITE Elcentro Hachinohe | Kobe Taft 680- 797- 4083- Average
whit. Lomap | park
Max Max PGA Max Max  Max @ Max Max | Max Pga
PGA (g) (g) PGA PGA PGA PGA PGA (g)
8 (g8 (8 (8) (g)

PIH 0.21 0.16 0.21 ' 0.18 0.17 0.19 0.21 0.19
HIP 0.25 0.25 0.22 1 0.21 0.25 ' 0.22 0.27 0.24
NIB 0.22 0.20 0.19 0.18 0.18 0.21 0.19 0.20
SEPDM | 0.13 0.16 0.13 0.15 0.10 0.13 0.10 | 0.13
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4.3.2.2 EQL analysis based on seismic survey data

The analyses in this case are performed by usiegttii measured shear wave velocities and
extrapolated to 30m depth as presented in Secti®@.3. The output is presented in Figure
4.14.
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Figure 4.14 Peak ground acceleration profilesafdhr sites for the selected seven motions
scaled to 0.11g using directly measured shear weleeities

The PGAs at the surface are presented in Table 4.6.

Table 4.6 PGA summery at ground surface from EQialysis based on measured data

ELC. HACH. | Kob. Taf. RSN RSN RSN Average
(0.11g) | (0.11g) | (0.11g) | (0.11g) | 680 797 4083
(0.11g) | (0.11g) | (0.11g)
Max Max Max Max Max Max Max Max
PGA, PGA, PGA, PGA, PGA, PGA, PGA, PGA, (g)

(8) (8) (8) (8) (8) (8) (8)
Amora- Gedel | 0.47 0.42 0.27 0.32 0.36 0.28 0.31 0.35
HIP 0.25 0.21 0.22 0.20 0.24 0.22 0.27 0.23
Agri-college 0.23 0.26 0.23 0.21 0.21 0.22 0.22 0.23

Meskel square | 0.21 0.16 0.17 0.17 0.13 0.19 0.15 0.17

As can be noticed from the above table, Elcentrd &achinohe shows significant
amplification at Amora-Gedel sites compared to th@otions and sites. The difference
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might arise from a resonance effect. The respomextsml acceleration peaks of the
excitations (Hachinohe and Elcentro motions as showFigure 4.10) found in a closer

range of the period of Amora-Gedel site ( whicl®.i4s). This is not the case for other site
and motions as observed during the EQL analys@&BBPSOIL (See Figure 4.10).

The average peak ground acceleration as obtaied hoth approaches is summarized in
Table 4.7 below. These values are used for thedoming liquefaction analysis.

Table 4.7 Summary of PGA from two data source

PGA (g)

Geotechnical Seismic Average

inv. sur. Pga
PIH/Amora-Gedel 0.19¢g 0.35¢g 0.27g
HIP 0.24g 0.23g 0.235g
NIB/AGRI. College 0.20g 0.23g 0.215¢g
SEPDM/ Meskel- 0.13g 0.17g 0.15g
Square

As generally expected from the loose formationhaf $tudy area, the input motion PGA of
0.11g at the bedrock is significantly amplifiedtz¢ ground surface.

4.4 Liquefaction Potential Evaluation

Four major in-situ test methods are commonly enmgidiofpr liquefaction potential evaluation.
They are

v' The Standard Penetration Test (SPT)

v" The cone penetration test (CPT)

v" Measurement of in-situ shear wave velocity (VS)
v' The Becker penetration test (BPT).

SPT based and shear wave velocity based methodssegefor this study. As discussed in
Chapter 3, the shear wave velocities are estimayecbrrelation from SPT as well as from
direct measurement by geophysical survey. Thergthese two sets of shear wave velocities
are available for each site. It creates an oppiytiua analyze the liquefaction potential of
each site by different combinations of insitu sufzste data. Hence each site is analyzed by
three subsurface data combination as describedhigedly in Figure 4.15.
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|
DATA ACQUIRED METHODS

SPT- Sacondary data Geophysical survey
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Figure 4.15 Simplified method computation approaséd for this study

4.4.1 SPT based simplified Procedure
4.4.1.1 Cyclic Resistance Ratio (CRR)

As discussed in Chapter Two section 2.2.1.2 cyelgistance ratio, CRR, shall be computed
from corrected SPT using Equation 2.16. The coetk&PT (N)so presented in Chapter 3 of
each site for standard procedures needs to besfurtirrected for overburden stress in order
to be used for simplified procedure (Idriss e24al10).

Depth of liquefaction analyses for specific sitalsbe in accordance with Chapter 2 Section
2.1.3. However, considering reduced finished gtadel, for most buildings, septic tank and

other structures, depth of investigation up to Z8sm ground surface is considered for this
study. As described in Chapter 3, SPT values haea becorded up to a depth 15, 10, 20,
10m for PIH, HIP, NIB and SEPDM sites, respectively

Another criterion which determines depth to be yred for susceptibility to liquefaction is
its degree of saturation. Normally, the soil lodaédove the water table may be regarded as
unsaturated and hence the chances of liquefactefoe (Day 2002). Day (2002) suggests
that it is better to consider that the liquefactwili occur only in soil which is located under
water. For those locations where the depth of wtdble is very deep, the liquefaction
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susceptibility is generally low. Moreover, if thevel of the ground water table keeps on
changing, the liquefaction susceptibility of thél sall also fluctuate. The ground water level

used for the liquefaction analysis should be tistohically shallowest (nearest to the ground
surface) groundwater level. In the absence of sofdrmation the worst expected ground
water level need to be considered. Hence as coedtlud section 3.2.3.4 GWTs at 3.6m,
10m, 3m, and 3m for PIH, HIP, NIB and SEPDM arestdared, respectively.

As stated above, the SPT based simplified methqdines SPT records and below GWT.
From this perspective HIP SPT records are above @&¥d and SEPDM have few number
of SPT records. Hence, SPT based simplified me#iadl be used for PIH and NIB sites
only. HIP and SEPDM will be analyzed by shear waglocity based simplified method in
conjunction with PIH and NIB.

Applying the overburden correction factor given Bguation 2.11, the normalized SPT
(N1)so, is presented in Table 4.8. and Table 4.9.

Table 4.8 PIH site normalized SPT

PIH (@) U.Wt,
Layer Layer Name Thick. Depth, N60 KN/MP U 6 oV, CN Ny

(m) (m)
1 L. silty sand 1 1 10 1833 O 18 18 1.7 17
2 L. silty sand 1 2 10 1833 O 37 37 1.7 16.5
3 L. silty sand 1.3 3.3 10 1833 O 60 60 1.3 12.9
6 Ignimbrite 3.1 6.4 2423 27 136 108 1
6 M. dense sand 0.6 7 13 19.54 33 147 114 09 12.2
7 M. dense sand 1 8 27 19.54 43 167 124 0.9 243
8 M. dense sand 1 9 27 1954 53 186 133 09 234
9 M. dense sand 1 10 25 1954 63 206 143 0.8 20.9
10 M. dense sand 1 11 25 1954 73 225 153 0.8 20.2
11 M. dense sand 1 12 25 19.76 82 245 163 0.8 19.6
12 M. dense sand 1 13 25 19.76 92 265 173 0.8 19
13 M. dense sand 1 14 25 19.76 102 285 183 0.7 185
14 M. dense sand 1 15 25 19.76 112 305 193 0.7 18
Table 4.9 NIB site normalized SPT
NIB Gwt U. wt.

@3.0m (kN/m
Layer Layer Name Thick. | Depth | N60 3 U o o'v, CN | Nypo)
# (m) (m) J KPa
1 silty sand (ash) 1.5 1 10 17 0 26 26 1.7 | 17.0
2 silty sand (ash) 1 2 16 17 0 43 | 43 1.5 245
3 silty sand (ash) 1 3 16 17 0 60 60 1.3 207
4 silty sand (ash) 1 4 16 17 10 (77 |67 1.2 | 19.6
5 silty sand (ash) 1 5 16 17 20 94 74 1.2 186
6 Ignimbrite 1.4 6.4 22.67 | 33 125 92 1.0 0.0
7 M. dense silty 0.6 7 22 17 39 135 96 1.0 224
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sand

8 M. dense silty 1 8 22 17 49 152 103 1.0 | 21.6
sand

9 M. dense silty 1 9 18 17 59 169 111 10 171
sand

10 M. dense silty 1 10 18 17 69 186 118 0.9 | 16.6
sand

11 M. dense silty 1 11 21 17 78 1203 125 0.9 | 18.3
sand

12 M. dense silty 1 12 21 17 88 220 132 09 183
sand

13 M. dense silty 1 13 25 17 98 237 139 0.8 21.2
sand

14 M. dense silty 1 14 25 17 108 254 147 0.8 | 20.7
sand

15 M. dense silty 1 15 15 17 118 271 154 0.8 12.1
sand

16 M. dense silty 1 16 15 17 128 288 161 0.8 11.8
sand

17 M. dense silty 1 17 20 17 137 305 168 0.8 154
sand

18 M. dense silty 1 18 20 17 147 322 175 0.8 15.1
sand

19 M. dense silty 1 19 20 17 157 339 182 0.7 14.8
sand

20 M. dense silty 1 20 20 17 167 356 190 0.7 145
sand

Others Factors

The soil's CRR is also affected by the durationsbéking (which is correlated to the
earthquake magnitude scaling factor, MSF) and ®¥ecoverburden stress (which is
expressed through an overburden correction fakioy,(Idriss at al. 2010).

* Magnitude scaling factor (MSF)

As discussed in chapter two MSF can be computedEqQyation 2.14 for different
magnitudes. MSF values used for this study is destin Table 4.10
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Table 4.10 MSF computed by Equation 2.14 (aftes$dt999 as cited by Idriss et al 2010)

Mw MSF
5.5 1.69
6 1.48
6.5 1.30
6.8 1.20
7 1.14
7.2 1.08

e Overburden correction factdf,.

Idriss and Boulanger (2008) recommené#e@d-elationship expressed in terms of the)gbls
values as follows:

a.l
v)<1.1
=)

a

_ 1
" 18.9- 2.58/(N,)

K,=1-C,

(4.3)

C <0.3

60CS

* Fine content

When the soil is fine grained or contains some arhotifines, cohesion or adhesion tends to
develop between fine particles, thereby makingfiicdlt for them to be separated from each
other. Consequently, a greater resistance to lagptieh is generally exhibited by sands
containing some fines (Ishara 1996). Furthermsexeral studies have shown that the
liquefaction resistance of silty sand will initialtlecreases as the silt content increases until
some minimum resistance is reached, and then serea the silt content continues to
increase (Ni et al. 2004For silty sands and sandy silts, there is a lamgeahse in cyclic
resistance that occurs when the silt content ofsthebecomes greater than the limiting silt
content. The largest amount of silt that can b@meroodated in the voids created by the sand
skeleton is referred to as the limiting silt corttand occurs between 25 and 45% for most
sands (Polito 2001 as cited by Ni et al. 2004). dheless, Boulanger et al. (2006)
recommended that fine grained soils (FC exceeditg)sshall be analyzed by the existing
procedure i.e. Simplified procedure as long asitheot exceed 7. The soil in the study area
is cohessionless soil as confirmed by laboratasylte provided in Appendix A.
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Table 4.11 Average fine content of PIH

PIH
BH9 BH11 BH12
Depth, m | FC,% | Depth,m FC,%| Depth,r FC,%
2.5 75 2.5 70 2.5 72
8 56 10.5 68 - -
12.5 67 14.3 62 14 57
Average 65
Table 4.12 Average fine content of HIP
HIP
B34B B34C B33C
Depth, m | FC,% | Depth,m FC,%  Depth,m FC,%
1 49.12 | 1 5246 | 1 66.98
4 64.26 | 6 71.04 | 4 48.6
5.5 4756 | 8.5 52.2 6 47.2
- - - - 7 27.02
Average 53
Table 4.13 Average fine content of NIB
NIB
BH1 BH2 BH3
Depth, m| FC,% | Depth, m FC,% | Depth, m FC,%
3 57 - - 4 65
11 - 11 43 - -
14 45 - - - 67
Average |53

Table 4.14 Average fine content of SEPDM

SEPDM

BH2 BH4

Depth, m | FC,% | Depth, m| FC,%
2 58 2 76

3 75 4 71

5.5 78 -

Average 72

Data analyses

Hence, cyclic resistance ratio (CRR) can be caledldased on the corrected “N” values
using the equation proposed by Idriss and Boula(®f#0) as given in Equation 2.16.
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4.4.1.2Cyclic stress ratio (CSR)

Data analyses

As discussed in Chapter 2 the earthquake-inducegl, @5a given depth, z, within the soll
profile, is usually expressed as a representatieev(or equivalent uniform value) equal to
65% of the maximum cyclic shear stress ratio. Thiéoum cyclic shear stress for level (or
gently sloping) sites can be estimated from a sfiegl procedure as given by Seed and
Idriss, Equation 2.1 through 2.4. The depth reductactor of Idriss and Boulanger 2010
using Equation 2.5 is used for the study in the €C8Rputation.

The depth reduction factors computed to the deptR0on for a number of earthquake
magnitudes are presented in Table 4.15 and grdjhicdigure 4.16.

Table 4.15 g depth reduction factor for different magnituderidd and Boulanger 2010)

Mw=5.5 Mw=6.0 Mw=6.5 Mw=6.8 Mw=7.0 Mw=7 .2
Zm |a(z) |B(2) IOvi=s.5 rdw=6.c rdv=65 | Idu=6.s rdv=7.0 rdv=7.2
0.00 0.016 -0.001 1.000 1.000 1.000 1.000 1.000 1.000
1.00 -0.027 0.003 0.991 0.994 0.996 0.997 0.997 0.998
2.00 -0.077 0.009 0.969 0.978 0.982 0.985 0.987 0.988
3.00 -0.134 0.015 0.945 0.959 0.967 0.971 0.974 0.977
400 -0.197 0.022 0.919 0.940 0.950 0.957 0.961 0.965
5.00 -0.266 0.030 0.891 0.918 0.932 0.941 0.946 0.952
6.00 -0.341 0.038 0.862 0.896 0.913 0.924 0.931 0.938
7.00 -0.420 0.047 0.832 0.873 0.893 0.906 0.915 0.924
8.00 -0.504 0.057 0.802 0.848 0.873 0.888 0.898 0.908
9.00 -0.591 0.066 0.771 0.824 0.852 0.869 0.880 0.892
10.00 -0.682 0.076 0.741 0.799 0.830 0.850 0.863 0.876
11.00 -0.775 0.087 0.710 0.774 0.809 0.830 0.844 0.859
12.00 -0.869 0.097 0.681 0.750 0.787 0.810 0.826 0.842
13.00 -0.965 0.107 0.652 0.726 0.766 0.791 0.808 0.825
14.00 -1.061 0.118 0.624 0.702 0.744 0.771 0.789 0.808
15.00 -1.156 0.128 0.597 0.679 0.724 0.752 0.771 0.791
16.00 -1.251 0.138 0.572 0.656 0.703 0.733 0.754 0.775
17.00 -1.344 0.148 0.547 0.635 0.684 0.715 0.736 0.758
18.00 -1.434 0.158 0.525 0.614 0.665 0.697 0.719 0.742
19.00 -1.522 0.167 0.503 0.595 0.647 0.680 0.703 0.727
20.00 -1.605 0.176 0.483 0.576 0.629 0.663 0.687 0.712
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Depth reduction factor, r
0.400 0.600 0.800 1.000
0.00
=o—rd for Mw=5
5.00
=—rd for Mw=6
£ rd for Mw=6.5
< 10.00
o
8 =>¢=rd for Mw=6.8
15.00 =#=rd for Mw=7.2
20.00

Figure 4.16 Depth reduction factor (Idriss and Bogler 2010)
4.4.1.3 SPT based simplified procedure computation

After applying the necessary corrections to the S¥Pvalues an excel spread sheet is used
to compute CRR. The CSR is computed by using geePGA presented in Table 4.6. The
factor of safety for each layer of soil is thenccddited as FS = CRR/CSR.

The analysis is conducted for moment magnitudes®f6, 6.5, 6.8, 7 and 7.2 for each site.
The factor of safety computations are presentefippendix C. Representative liquefaction
analyses from each site are presented in Tablésathd Table 4.17.

Table.4.16 SPT based simplified method liquefactiotential evaluation of PIH site (Mw=7,
8.,=0.270)

Layer Layer Name Depth a, &'y | 14 CSR | (Nyeocs CRRy=7 | FS=
# (m) oV CRR/CSR
1 Loose silty sand 1.00 18 18 1.000.18 | 22 0.26

2 Loose silty sand 2.00 37 37 0.980.17 22 0.25

3 Loose silty sand 3.30 60 60 0.970.17 18 0.20

4 Ignimbrite 6.40 136 108 0.925 0.20

5 M. Dense silty sand,  7.00 1471141 0.915 0.21 | 18 0.18 0.86
6 M. Dense silty sand  8.00 167124 0.898 0.21 30 0.41 1.92
7 M. Dense silty sand.  9.00 186133 0.880 0.22 | 29 0.36 1.68
8 M. Dense silty sand  10.00 206143 0.863| 0.22 | 26 0.28 1.30
9 M. Dense silty sand  11.00 228153 0.844 0.22 26 0.26 1.20
10 M. Dense silty sand  12.00 24863 0.826| 0.22 | 25 0.25 1.13
11 M. Dense silty sand  13.00 265873 0.808| 0.22 | 25 0.23 1.07
12 M. Dense silty sand  14.00 288183 0.789 0.22 24 0.22 1.02
13 M. Dense silty sand  15.00 308193 0.771 0.21 24 0.21 0.98
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Table.4.17 SPT based simplified method liquefactiotential evaluation of NIB site
(Mw=7, a_,=0.215g)

Layer @ Layer Name Depth 6, &'y | Ig CSR | (Nyeocs CRRy=7,v  FS=
# (m) CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000.14 22 0.26

2 silty sand (ash) 200 34 34 0.930.14 30 0.53

3 silty sand (ash) 3.00 51 51 0.970.14 26 0.34

4 silty sand (ash) 400 68 58 0.960.16 25 0.30 1.94
5 silty sand (ash) 5000 85 65 0.946.17 24 0.28 1.62
6 Ignimbrite 6.40 117 83 @ 0.925 0.18

7 M. dense silty sand 7.00 1288 | 0.915 0.19 28 0.37 1.99
8 M. dense silty sand 8.00 1445 | 0.898 0.19 27 0.34 1.77
9 M. dense silty sand 9.00 161102 0.880 0.19 23 0.24 1.22
10 M. dense silty sand  10.00 17809 0.863 0.20 22 0.23 1.15
11 M. dense silty sand 11.00 19316 0.844 0.20 24 0.26 1.30
12 M. dense silty sand  12.00 21224 0.826 0.20 24 0.25 1.24
13 M. dense silty sand  13.00 22931 0.808 0.20 27 0.30 1.51
14 M. dense silty sand 14.00 24438 0.789 0.20 26 0.28 1.43
15 M. dense silty sand 15.00 26345 0.771 0.20 18 0.17 0.87
16 M. dense silty sand  16.00 28052 0.754 0.19 17 0.17 0.86
17 M. dense silty sand  17.00 29760 0.736 0.19 21 0.19 1.02
18 M. dense silty sand 18.00 31467 0.719 0.19 21 0.19 1.00
19 M. dense silty sand  19.00 33174 0.703 0.19 20 0.18 0.98
20 M. dense silty sand 20.00 34881 0.687 0.18 20 0.18 0.97

As can be seen from the results, liquefiable lageesobserved at depths below 15m from the
ground surface. By incorporating the results fropp@ndix C, detail discussion about the
results are presented in the next chapter.

4.4.2 Shear-wave Velocity based Simplified Procedar

Shear wave velocity is a basic engineering propeftgoils in earthquake site response
analysis, which directly relates to shear modulusmaall shear strain level. Using surface
wave velocity measuring techniques, a shear waloei profile can be established without
boring and penetration. The non-destructive, ndrugive features makegbased approach
a potentially attractive method for assessing itipngefaction resistance of soils.

Similar to correcting penetration resistan¢gshould be corrected to a reference overburden
stress (Andrus et al. 2004) according to equati@i 2nd Equation 2.18.

It should be noted that the procedure is not ystasdardized as that of SPT or CPT and the
case histories in the database of validation agfeld studies are relatively less. Three
concerns arise when using %r liquefaction-resistance evaluations:

v/ Seismic wave velocity measurements are made at stnains, whereas pore-water
pressure buildup and the onset of liquefactiomaedium- to high-strain phenomena,
v/ Seismic testing does not provide samples for diaaibn of soils and identification
of non-liquefiable soft clay-rich soils, and
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v" Thin, low Vs strata may not be detected if the measurementvaitis too large

Because of the limitations of this method, it isstbeo use the shear wave velocity as a
supplement for the penetration based methods (@&2)2 In addition to these, seismic
refraction method has its own limitation to mapelesyinterbedded between two lower shear
wave velocity layers. The preferred practice isupplement the shear- wave velocity data by
sufficient number of boreholes and conduct in diégts to detect and delineate thin
liquefiable or hard strata. Hence the ignimbritgelaspread in most parts of Hawassa has
been integrated in the analysis by inserting th@emgrite in the position as recorded in
boreholes. The shear wave velocity of the layessigned from the relation given by Choi
(2008) in section 3.2.3.3.

Cyclic resistance ratio, CRR

The CRR shall be computed by Andrus et al. (20B4uétion 2.19) from ¥; as follows by
incorporating the following factors;

* Magnitude scaling factor (MSF)

Different researchers suggested various MSF depgndn magnitude. After the 1998
workshop Youd et al. (2001) reported that the wdgsparticipants agreed that the greater
conservatism embodied in the revised MSF by Idsissuld be recommended for engineering
practice.

.24
MSF :'\1/|i (4.4)

2.56
w

» Limiting Upper Value olVg

The assumption of a limiting (or maximum) upperweabfVg for liquefaction occurrence is
equivalent to the assumption commonly made in teefration-based procedures dealing
with clean sands, where liquefaction is consideredpossible above a corrected SPT blow
count of about 30 (Andrus et al. 2004).

« Age Correction Factors

The factors K; and Ky are included in the equation given by Andrus et2804 Equation
2.19. Use of the lower-bound value of;Korovides a lower estimate of CRR (Andrus et al
2004). Hence Kk value of 1 shall be used from Table 2.2; Is the ratio of estimateds\o
measure ¥ (Andrus et al. 2004). The geomorphology study aée that the study area is
predominantly covered by Holocene sediment. Heheevalue of Kal of 1.00 is adopted for
this study.

Vs based method applied for two sets of subsurfateefdaeach site. The first spread sheet
of FS is prepared based on geotechnical investigakata and the second set is analyzed by
seismically measured shear wave velocity subsudata
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)

Estimations Based on geotechnical data

Data analyses

Unlike SPT shear-wave velocity data are extrapdldte the required depth of analysis.
Hence liquefaction potential assessment made ffgites. Typical liquefaction analyses from
each site are shown Table 4.18 to Table 4.21. R8mded by excel spread sheet for each
site with seven different input motions are presdnh appendix C.

Table 4.18 Vs based simplified method liquefacpotential evaluation of PIH site (Mw=7,

8..=0.270)

Layer# @ Layer Name Depthhmev | 6'v | 1y CSR Vsl Kal Kaz VS1* MSEF CRR FS
1 Loose silty sand 1.0 18 18 1.000 0.18 2109 1.0 1.200.0 1.19 NL

2 Loose silty sand 2.0 37 37 0987 0.17 1773 1.0 1R00.0 1.19 NL

3 Loose silty sand 3.3 60 60 0970 0.17 1565 1.0 1.200.0 1.19 NL

4 Ignimbrite 6.4 136 108 0.925 0.20 1.0 1.19 NL

5 M. dense silty sand 7.0 147 114 0915 0.21 1616 11.0 2000 1.19/ 0.14 0.67

6 M. dense silty sand 8.0 167 124 0.898 0.21 1880 1.1.0 200.0f 1.19 0.37 1.7%
7 M. dense silty sand 9.0 186 133 0.880 0.22 18520 1.1.0 200.0f 1.19 0.30C 1.38
8 M. dense silty sand 10.0 206 143 0.863 022 187.4€ 11.0 | 2000 119 0.34 156
9 M. dense silty sand 11.0 225 153 0.844 022 1844 110 | 2000 119 0.2¢9 131
10 M. dense silty sand 12.0 245 163 0.826 0,22 193.0 11.0 | 2000 1.19 056 255
11 M. dense silty sand 13.0 2¢5 173 0.808 022 1900 11.0 | 2000 1.19 0.4z 1.92
12 M. dense silty sand 14.0 285 183 0.789 022 187.%H 11.0 | 2000 1.19 0.34 159
13 M. dense silty sand 15.0 3¢5 193 0.7712 021 1850 11.0 | 2000 1.19 0.30 1.38

NL used to designate “Non liquefiable”. The layemiarked by NL is due to two cases i.e.
either the layer is found above the GWT or the fdagleear wave velocity exceeds the
threshold shear-wave velocity given by Equatior82.2

Table 4.19 Vs based simplified method liquefacpotential evaluation of HIP site (Mw=7,

3, =0.2350)

Layer | Layer Name | Depthm ev @ 6'v | rd CSR| Vsl Kal Ka2 VS1* MSF CRR FS=
# CRR/CSR
1 Silty Sand 1 13 13 0.997 0.15 1889 1.00 1.00 20QL.19 | NL

2 Silty Sand 2 26| 26/ 0.987 0.15 180.0 1.00 1.00 20aL.19 @ NL

3 Silty Sand 3 41 41 0.974 0.15 1816 1,00 1.00 20QL.19 | NL

4 Silty Sand 4 55 55 0.961 0.15 2149 1,00 1.00 20QL.19 | NL

5 Silty Sand 5 69 69 0.946 0.14 20z.8 1,00 1.00 20QL.19 | NL

6 Silty Sand 6 84 84 0.931 0.14 1935 1,00 1.00 20QL.19 | NL

7 Silty Sand 7 98| 98 0.915 0.14 197.1 1,00 1.00 20aL.19 @ NL

8 Silty Sand 8 112 112 0.898 0.14 2026 1,00 1.000 201.19 NL

9 Silty Sand 9 126 126 0.880 0.13 2084 100 1.000 201.19 | NL

10 Silty Sand 10 141 141 0.863 0.13 2029 1.00 1.000 2 1.19 NL

11 Silty Sand 11 155 145 0.844 0.14 1981 100 1.000 2 1.19 180 13.07
12 Silty Sand 12 169 150 0.826 0.14 1931 100 1.000 2 1.19 0.57 3.98
13 Silty Sand 13 184 154 0.808 0.15 191.3 100 1.000 2 1.19 0.46 3.16
14 Silty Sand 14 198 159 0.789 0.15 2134 100 1.000 2 1.19 NL

15 Silty Sand 15 21z 163 0.771 0.15 190.3 1.00 1.000 2 1.19 042 275
16 Silty Sand 16 226 168 0.754 0.16 203.7 1.00 1.000 2 1.19 | NL

17 Silty Sand 17 241 172 0.736 0.16 200.9 1.00 1.000 2 1.19 | NL

18 Silty Sand 18 255 177 0.719 0.16 206.6 1.00 1.000 2 1.19 | NL

19 Silty Sand 19 269 181 0.703 0.16 2141 100 1.000 2 1.19 NL

20 Silty Sand 20 284 185 0.687 0.16 216.3 100 1.000 2 1.19 NL
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Table 4.20 Vs based simplified method liquefacpotential evaluation of NIB site (Mw=7,
a,.,=0.2150)

Layer | Layer Name Depth,m ov | 6'v | 14 CSR| Vsl | Kal| Ka2 VS11 MSF CRR FS
#

1 silty sand (ash) 1.00 171 1% 1.0p0 0.14 227 1.0000 L 200 1.19 NL

2 silty sand (ash) 2.00 34 34 0.987 0.14 191 1.0000 I 200 1.19 NL

3 silty sand (ash) 3.00 51 51 0.9y4 0.14 1Y3 1.000 1 200 1.19 NL

4 silty sand (ash) 4.00 68 5§ 0.961 0.16 185 1.0(00 I 200 1.19 0.30] 1.93
5 silty sand (ash) 5.00 85 65 0.946 0.17 180 1.000 1 200 1.19 0.24] 1.3
6 Ignimbrite 6.40 92| 58| 0.925 0.20 2470 1.19] NL

7 M.dense silty sand  7.00 116 72 0915 0j21 201 0 1.0.00| 200 1.19 NL

8 M.dense silty sand  8.00 133 79 0.898 021 2p1 01.0.00| 200 1.19 NL

9 M.dense silty sand  9.00 150 8p 0.880 021 199 0 1.0.00| 200 1.19 4.20

10 M.dense silty sand  10.00 167 94 0.863 0[21 1295.00 1 1.00] 200 1.19 0.79 3.6b
11 M.dense silty sand  11.00 184 1D1 0.844 022 204.00| 1.00{ 200 1.19 NL

12 M.dense silty sand  12.00 201 1p8 0.826 021 200.00| 1.00| 200 1.19 NL

13 M.dense silty sand  13.00 218 115 0.808 021 209.00| 1.00| 200 1.19 NL

14 M.dense silty sand  14.00 235 1p2 0.189 021 205.00| 1.00| 200 1.19 NL

15 M.dense silty sand  15.00 252 19 0.771 021 190.00| 1.00| 200 1.19 0.42 2.0p
16 M.dense silty sand  16.00 269 137 0.754 021 188.00| 1.00] 200 1.19 0.35 1.68
17 M.dense silty sand  17.00 278 141 0.736 0,20 205.00| 1.00{ 200 1.19 NL

18 M.dense silty sand  18.00 295 148 0.119 020 208.00| 1.00| 200 1.19 NL

19 M.dense silty sand  19.00 312 1p5 0.703 020 215.00| 1.00| 200 1.19 NL

20 M.dense silty sand  20.00 329 1p2 0.687 019 216.00| 1.00| 200 1.19 NL

Table 4.21 Vs based simplified method liquefacpotential evaluation of SEPDM site
(Mw=7, a_. =0.150)

Layer Layer Name Depthm ev | 6'v | 1y4 CSR Vsl Kal Ka2 VS1* MSF CRR FS
#
1 Organic Clayey 0.6 9 9 1.001 0.10 162 1.00 1.00 200 1.19 NL

Silt
2 Organic Clayey 1.2 18 18 | 0.995 0.10 146 1.00 1.00 200 1.19 NL

Silt
3 Stiff Clayey silt 2.1 34 34 0985 0.10 174 1.00 1.0200 1.19 NL
4 Stiff Clayey silt 3 50 | 50 0.974 0.09 158 1.00 1.00002 | 1.19 0.13 1.35
5 Slightly Weat. Tuff 4.5 84 70| 0.954 0.11 2470 1.00.00 200 1.19 NL
6 Fresh Welded Tuff 7 146 107 0.915 0.12 3172 1.0000 1.200 1.19 NL
7 Soft silty sand 8 160 111 0.8¢8 0.13 177 100 1.am0 1.19 0.21 1.69
8 Soft silty sand 9 174 115 0.880 0.13 176 100 1.am0 1.19 0.20/ 1.56
9 Soft silty sand 10 188 119 0.863 0.13 174 1.00 1.a@0 1.19 0.19 1.45
10 Soft silty sand 11 202 123 0.844 0.13 173 1,00 1.a@0O 1.19 0.19 1.38
11 Soft silty sand 12 216 123 0.826 0.14 167 1.00 1.a@0 1.19 0.16| 1.16
12 Soft silty sand 13 230 132 0.808 0.14 163 1.00 1.a@O 1.19 0.14| 1.05
13 Soft silty sand 14 244 135 0.789 0.14 182 1.00 1.a@O 1.19 0.26) 1.86
14 Soft silty sand 15 25 140 0.771 0.14 162 1.00 1.a@0 1.19 0.14| 1.02
15 Soft silty sand 16 272 144 0.7%4 0.14 173 1,00 1.a@0 1.19 0.19 1.36
16 Soft silty sand 17 286 143 0.736 0.14 169 1.00 1.a@O 1.19 0.17| 1.21
17 Soft silty sand 18 300 153 0.719 0.14 174 1,00 1.a@O 1.19 0.19 1.38
18 Soft silty sand 19 314 157 0.703 0.14 181 1.00 1.a@O 1.19 0.25 1.79
19 Soft silty sand 20 32 161 0.687 0.14 183 1.00 1.a@O 1.19 0.27 1.97
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1)) Based on geophysical data

The detailed liquefaction evaluation based on Hmsalysis is presented in Appendix C.
Amora-Gedel, HIP and Meskel square measured shase welocity exceeds the upper
bound set by Andrus and Stoke 2004. As compuiaeh fFC of each site, the seismically
measured and normalized shear wave velocity)(®xceed the upper limit value of Andrus
et al. (2004) at Amora-Gedel, HIP and Meskel Squares. Hence VS based simplified
approach based on the measured subsurface datalsretmt they are safe against
liquefaction. Typical outputs are presented frormbl&at.22 to 4.25 for all sites.

Table.4.22 seismically measured Vs based simplifiethod liquefaction potential
evaluation of Amora-Gedel site (Mw=3,  =0.27Q)

Layer | Layer Name Depth,m ov ov | rd CSR| Vvsi Kal Kaz VS1* MSF CRR Fp
#

1 Loose silty sand 1.0 18 18 1.000 0.18 2129 1.0 1.200.0 119 NL -
2 Loose silty sand 2.0 37 37 0987 0.17 179.0 1.0 1.R00.0 1.19 NL -
3 Loose silty sand 3.3 60 60 0.970 0.17 1576 1.0 1.0200.0 1.19 NL -
4 Ignimbrite 6.4 136 | 108 0.925 0.20 1.0 1.19 NL

5 M. dense silty sand 7.0 147 124 0915 021 31180 11.0 200.0 1.19 NL -
6 M. dense silty sand 8.0 167 124 0.898 0.21 376.40 1.1.0 2000 1.19 NL -
7 M. dense silty sand 9.0 186 133 0.880 0.22 369.40 1.1.0 2000 1.19 NL -
8 M. dense silty sand 10.0 206 143 0.863 0,22 3629 11.0 2000 1.19 NL -
9 M. dense silty sand 11.0 225 153 0.844 022 4479 11.0 2000 1.19 NL -
10 M. dense silty sand 12.0 245 163 0.826 022 4408 11.0 200.0 1.19/ NL -
11 M. dense silty sand 13.0 265 173 0.808 022 4553 11.0 200.0 1.19/ NL -
12 M. dense silty sand 14.0 285 183 0.789 022 449.0 11.0 200.0 1.19/ NL -
13 M. dense silty sand 15.0 305 193 0.771 021 443.10 11.0 200.0 1.19 NL -

Table.4.23 Measured Vs based simplified methocehagtion potential evaluation of HIP
site (Mw=7, a,,,= 0.2350Q)

Layer | Layer Name Depth, ov 6v | rd CSR| Vsl Kal Ka2 VS1* MSF CRR F5
# m

1 Silty Sand 1 13 13 0.997 0.15 2015 1,00 1.00 20Q.19 NL -
2 Silty Sand 2 26 26 0.987 0.15 1830 1.00 1.00 20QL.19 NL -
3 Silty Sand 3 41 41 0.974 0.15 1919 100 1.00 20QL.19 NL -
4 Silty Sand 4 55 55 0.961 0.15 190.3 1.00 1.00 20QL.19 NL -
5 Silty Sand 5 69 69 0945 0.14 191.7 100 1.00 20QL.19 NL -
6 Silty Sand 6 84 84 0931 0.14 1945 1.00 1.00 200..19 NL -
7 Silty Sand 7 98| 98 0.915 0.14 19¢.1 1.00 1.00 20QL.19 | NL -
8 Silty Sand 8 112 112 0.898 0.14 201.7 1,00 1.000 201.19 NL -
9 Silty Sand 9 126 126 0.880 0.13 206.1 1,00 1.000 201.19 NL -
10 Silty Sand 10 141 141 0.863 0.13 210.8 1.00 1.000 2 1.19 NL -
11 Silty Sand 11 155 145 0.844 0.14 2188 1.00 1.000 2/ 1.19 NL -
12 Silty Sand 12 169 150 0.826 0.14 217.2 1.00 1.000 2/ 1.19 NL -
13 Silty Sand 13 184 154 0.808 0.15 2255 1.00 1.000 2| 1.19 NL -
14 Silty Sand 14 198 159 0.789 0.15 233.7 1.00 1.000 2/ 1.19 NL -
15 Silty Sand 15 212 163 0.771 0.15 2419 100 1.000 2 1.19 NL -
16 Silty Sand 16 226 168 0.754 0.16 2495 1.00 1.000 2 1.19 NL -
17 Silty Sand 17 241 172 0.736 0.16 2575 1.00 1.000 2 1.19 NL -
18 Silty Sand 18 255 177 0.719 0.16 274.2 100 1.000 2 1.19 NL -
19 Silty Sand 19 269 181 0.703 0.16 230.1 1.00 1.000 2 1.19 NL -
20 Silty Sand 20 284 185 0.687 0.16 2323 1.00 1.000 2 1.19 NL -

Page 85



Chapter 4 Data analyses

Table.4.24 Measured Vs based simplified method efiaction potential evaluation of
Agricultural College site (Mw=7ga,,=0.2150)

Layer | Layer Name Depthm ov | 6'v  rd CSR| Vsl  Kal Ka2 VS1* MSF CRR FS
#

1 silty sand (ash) 1.00 17 17 1.000 0.14 227 1.00 0 1.@00 1.19 NL -

2 silty sand (ash) 2.00 34 34 0.987 0.14 191 1.00 0 1.@00 1.19 NL -

3 silty sand (ash) 3.00 51 51 0.974 0.14 173 1.00 0 1.@00 1.19 NL -

4 silty sand (ash) 4.00 68 58 0.961 0.16 185 1.00 0 1.@00 1.19 0.30 1.98
5 silty sand (ash) 5.00 85 65 0.946 0.17 180 1.00 0 1.200 119 024 1.38
6 Ignimbrite 6.40 92 58 0.925 0.20 2470 1.19 NL -

7 M. dense silty sand 7.00 116 72 0915 021 201 1.0®M0 200 1.19 NL -

8 M. dense silty sand 8.00 133 79 0.898 0.21 201 1.000 200 119 NL -

9 M. dense silty sand 9.00 150 86 0.880 021 129 1.0M0 200 1.19 4.20 -
10 M. dense silty sand 10.00 167 94 0.863 0.21 195 0 1.0.00 200 1.19 0.7¢ 3.66
11 M. dense silty sand 11.00 1864 101 0.844 022 20400 1.1.00 200 1.19 NL -

12 M. dense silty sand 12.00 201 108 0.826 0,21 20000 1.1.00/ 200 1.19 NL -

13 M. dense silty sand 13.00 218 115 0.808 021 20900 1.1.00 200 119 NL -

14 M. dense silty sand 14.00 23 122 0.789 0121 20500 1.1.00 200 1.19 NL -

15 M. dense silty sand 15.00 252 129 0.771 021 19000 1.1.00 200 119 04z 202
16 M. dense silty sand 16.00 269 137 0.754 021 18800 1.1.00 200 1.19 035 1.8
17 M. dense silty sand 17.00 278 141 0.736 0,20 20500 1.1.00 200 1.19 NL -

18 M. dense silty sand 18.00 295 148 0.719 0,20 20800 1.1.00, 200 1.19 NL -

19 M. dense silty sand 19.00 312 155 0.703 0,20 21500 1.1.00, 200 1.19 NL -

20 M. dense silty sand 20.00 329 162 0.687 0,19 21600 1.1.00 200 1.19 NL -

Table.4.25 Measured shear-wave velocity based giethimethod liquefaction potential
evaluation of Meskel Square site (Mw=,_ = 0.179)

Layer Layer Name Depthhm ov  c'v | rd CSR | Vs1 Kal Ka2 VS1* | MSF |  CRR | FS
#

1 Organic Clayey Silt 0.6 9 9 1.001  0.10 @ 270 1.00 | 1.00 @200 1.19 NL -
2 Organic Clayey Silt 1.2 18 18 0.995  0.10 244 1.00 | 1.00 @ 200 1.19 NL -
3 Stiff Clayey silt 2.1 34 | 34 | 0985 0.10 217 1.00 H 1.00 200 1.19 NL -
4 Stiff Clayey silt 3 50 |50 | 0974 0.09 212 1.00 @ 1.00 200 1.19 NL -
5 Slightly Weath. Tuff 4.5 84 70 0.954 0.11 2470 | 1.00 @ 1.00 @200 1.19 NL -
6 Fresh Welded Tuff 7 146 107  0.915 0.12 3172 1.00 | 1.00 200 1.19 NL -
7 Soft silty sand 8 160 111 0.898 | 0.13 | 225 1.00 @ 1.00 200 1.19 NL -
8 Soft silty sand 9 174 = 115  0.880 | 0.13 | 241 1.00 @ 1.00 200 1.19 NL -
9 Soft silty sand 10 188 119 | 0.863 @ 0.13 @ 252 1.00 | 1.00 @200 1.19 NL -
10 Soft silty sand 11 202 | 123  0.844 0.13 262 1.00 | 1.00 @ 200 1.19 NL -
11 Soft silty sand 12 216 128  0.826 0.14 239 1.00 | 1.00 @ 200 1.19 NL -
12 Soft silty sand 13 230 132 | 0.808 @ 0.14 239 1.00 @ 1.00 200 1.19 NL -
13 Soft silty sand 14 244 136 | 0.789 @ 0.14 267 1.00 @ 1.00 200 1.19 NL -
14 Soft silty sand 15 258 | 140 0.771 0.14 237 1.00 | 1.00 @200 1.19 NL -
15 Soft silty sand 16 272 | 144 0.754 0.14 255 1.00 | 1.00 @ 200 1.19 NL -
16 Soft silty sand 17 286 148 | 0.736  0.14 253 1.00 @ 1.00 200 1.19 NL -
17 Soft silty sand 18 300 153 | 0.719  0.14 260 1.00 H 1.00 200 1.19 NL -
18 Soft silty sand 19 314 157 0.703 | 0.14 268 1.00 | 1.00 @ 200 1.19 NL -
19 Soft silty sand 20 328 161 0.687 | 0.14 | 271 1.00 | 1.00 @ 200 1.19 NL -

Results are discussed in next chapter.
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CHAPTER FIVE
RESULTS AND INTERPRETATIONS

A total of four sites are analyzed in this studgvén selected bedrock motions have been
used for EQL site response analyses to determiak geund accelerations, which are used
to compute CSR. Hence a total of 28 analyses wertonmned to determine earthquake
loading interims of CSR for liquefaction analydis.the simplified procedure of liquefaction
potential assessment, the two common in-situ teetsSPT and Shear- wave velocity
methods are employed.

The results of the analyses for different momengmtades are presented in Figure 5.1 and
Figure 5.2. As presented in the figures the resuiscompared with the minimum
requirement of ES-EN 1998:2015 part 5 and BSSC 2000

SPT- based analysis SPT- based analysis

Mw=5.5 Mw=6.0
FS
0.5 1.5 2.5 3.5
0.00 0.00
5.00 L 5.00 o
= £
< <
5 10.00 £ 10.00
(D) [
[a) [a)
15.00 15.00
20.00 20.00
(a) (b)
== PI[H ——NIB ——ES-EN1998:2015 -——BSSC2000 -——FS=1

Page 87



Chapter 5 Results and Interpretations
SPT- based analysis SPT- based analysis
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Figure 5.1 SPT based simplefied proceedure anatgse#t for different magnitudes for PIH
and NIB sites
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Figure 5.2 shear-wave velocity based simplefied@edure analyses result for different
magnitudes PIH and SEPDM sites
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Amora-Gedel Site and PIH sites

As could be seen in Figure 5.1 (d) and (e) therkayelow 10m depth from the ground
surface have factor of safety less than the ES-BRP®15 recommended value for
magnitudes 7 and 7.2. Additionally, a factor ofesafless than 1.25 is observed in a thin
layer of about 0.6m thickness at 7m from the grosundace with a lower magnitude. The
Shear-wave velocity based analyses on shows sinmgnd at 7m depth (Figure 5.2).
Eventhough the factor of safety is less than 1hayinsitu methods, One can notice that the
thin layer below the weathered and fractured igmitebhave minimal liquefaction
vulnerability because generated excess pore pessguthin layers dissipate quickly during
earthquake owing to shorter drainage distancesrfQkaet al. 2015).

HIP site

HIP ground water table is found at a depth of 1Bk@nce, as it is observed in Appendix C,
HIP site subsurface does not show liquefactiorilinases.

Agricultural College and NIB sites

The results presented in Figure 5.1 shows thalalyers beneath 9m have a factor of safety
less than 1.25, and less than 1 below 15m frongtbend surface on a magnitude of 7.0 and
7.2. However, the shear- wave velocity analysesitresFigure 5.2 and Appendix C revealed
that the entire profile is safe against liquefattio

Meskel Square and SEPDM sites

The shear wave velocity based results shown inr&i§2 (c) and (d) reveal that the layers
about 1m thick at 13m and 15m from the ground serfaave a FS less than 1.25 for
magnitudes of 7.00 and above. However the sheae walocity based simplified procedure,
which has been checked, based on the seismic suoutput in section 4.4.2. (II) and
Appendix C confirms that it is safe against liquitan.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

One can confidently say that soil formation is sadainst liquefaction if the factor of safety
in the analysis is greater than 1. If at any deptthe sediment profile, factor of safety is
equal to or less than one, then there is a liqtiefadhazard (BSSC 2000). BSSC 2000
recommends a factor of safety of 1.2 to 1.5 dependn the importance of structures. For
buildings on shallow foundations, evaluation of ligeefaction susceptibility may be omitted
when the saturated sandy soils are found at dgpé#ater than 15 m from the ground surface
(ES-EN1998:2015 part 5). Moreover the Ethiopian €ddS-EN 8-1998:2015 part 5
recommends factor of safety of 1.25.

Hence from the analyses results of the study,dhewing conclusions can be drawn:

* The study area is consistently safe against liquieia up to a depth of about 9m from
the surface with the range of anticipated earthguaignitudes.

» Earthquakes of moment magnitudes below 6.5 do ase¢ fiquefaction hazard at all
depth of all sites.

* A higher magnitude of about 7 and above can palkytirigger liquefaction in
Amora-Gedel and PIH sites area at depths below 10m.

* Hawassa Industry Park (HIP) area is safe agaigsefaction up to a depth of 20m,
leading to the conclusion that liquefaction is adhreat at that location.

» The Agricultural College and Nib bank area revedhead it has a vulnerable layer that
liquefies at about 9m depth from the ground surflmremagnitudes 7 and above.
Though the geotechnical investigation reports rieeethat the ground water table is
found at 13.6m, the analyses have been perform#d tive projected GWT to 3m
(owing to seasonal fluctuation) from the groundface based on the resistivity
contrast discussed in section 3.3.2.2. Liquefacti@s been observed to be a
possibility upon considering this seasonal flugturat

e The area around SEPDM and Meskel Square sites shmnas susceptibility to
liquefaction at a depth of about 12 to 13m from ¢gneund surface. However, the
depth can be assumed to be deep enough for lidisefaim not be considered a
hazard for shallow founded structures, especiadihing the existence of ignimbrite
at shallow depth.

» All analyses outputs based on the shear-wave wglpcocedure from seismically
measured subsurface data revealed that the stadysasafe against liquefaction.

» Comparison of the results of this study with cigeof ES: EN1998:2015, part 5
indicates that the study area falls in less sugsldepgb marginally susceptible place to
liquefaction for earthquakes of moment magnitudeuafd.0 and above.
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6.2 RECOMMENDATIONS

Seismic refraction survey has limitation to deterenihe shear wave velocity as discussed in
Chapter 3. Its extent of investigation and relifpilof data are more dependent on
stratification. For sites like in Hawassa, havingager of higher shear wave velocity
interbedded between low velocity layers, the metisodot the most preferred one. Hence,
multiple techniques of survey such as uphole angntlole and crosshole methods shall be
employed to get more reliable subsurface data.

It is recommended that site specific study shalt@eied out for important structures based
on multiple methods especially in the area at whaplefaction might be a threat.
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APPENDIX A
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Figure Al PIH geotechnical investigation report (a) BH -9 (b) Laboratory result of PIH ( CDSco /
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Figure A2 HIP geotechnical investigation report (a) BH-35C (b) Grain size analysis report( CDSco /
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Figure A3 NIB geotechnical investigation report (a) BH 1 (b) Laboratory results report ( ADDIS
GEOSYSTEM PLC)
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Figure A4 SEPDM geotechnical investigation report (a) BH 3 (b) Grain size analysis report (CDSco /
ECDSWCo —-BUDSW SECTOR OFFICE)




APPENDIX B

INPUT MOTIONS

Table B1 Summary of data of selected records fr&aBRP NGA West-2

RSN 5% -95% Earthquake Y ear Station Name | My Vs Horizontal Acc. Filename
Duration Name (Mm/Sec)
(Sec)
680 6.2 “Whittier 1987 “Pasadena CIT5.99 969.07 RSN680=WHITTIER.A_A-
Narrows-01" Kresge Lab” KRE360.AT2
797 14.2 “Loma Prieta”| 1989 “SF-Rincon | 6.93 873.10 RSN797 LOMAP_RINO90.AT2
Hill”
4083 8.8 “Parkfield- 2004 “Parkfield 6.0 906.96 RSN4083 PARK2004 36529270.A
02_CA” Turky Flat

#1(om)”

T2
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APPENDIX C
Simplified procedur e output
Table C1 and Table C2 are the output of SPT basguliBed procedure (by Idriss and Boulanger 2010)

Table C1. SPT based analysis output of PIH foed#it magnitudes (amax=0.27g)

Mw= 5.5
Layer #| Layer Name Depth, m ov o'V rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=7s, CRRy=7, v FS=CRR/CSR
.% c'v=latn
1 Loose silty sand 1.00 18 18 1.000 0.18 65 6 17 22 169 0.97 0.23 0.38
2 Loose silty sand 2.00 37 37 0.969 0.17 65 6 17 22 169 0.95 0.23 0.37
3 Loose silty sand 3.30 60 60 0.937 0.16 65 6 13 18 1.69 0.92 0.19 0.29
4 Ignimbrite 6.40 136 108 0.850 0.19 1.69
5 M. Dense silty sand 7.00 147 114 0.832 0.19 65 6 12 18 1.69 0.86 0.18 0.26 1.39
6 M. Dense silty sand 8.00 167 124 0.802 0.19 65 6 24 30 1.69 0.75 0.48 0.60 3.18
7 M. Dense silty sand 9.00 186 133 0.771 0.19 65 6 23 29 1.69 0.74 0.43 0.53 2.83
8 M. Dense silty sand 10.00 206 143 0.741 0.19 65 6 21 26 1.69 0.75 0.33 0.42 2.24
9 M. Dense silty sand 11.00 225 153 0.7120 0.18 65 6 20 26 1.69 0.74 0.31 0.39 2.12
10 M. Dense silty sand 12.00 245 163 0.681 0.18 65 6 20 25 1.69 0.73 0.29 0.36 2.02
11 M. Dense silty sand 13.00 265 173 0.652 0.18 65 6 19 25 1.69 0.72 0.28 0.34 1.96
12 M. Dense silty sand 14.00 285 183 0.624 0.17 65 6 18 24 1.69 0.71 0.27 0.32 1.90
13 M. Dense silty sand 15.00 305 193 0.597 0.17 65 6 18 24 1.69 0.70 0.26 0.31 1.87
Mw= 6
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=75, CRRy=7,sv FS=CRR/CSR
,% o'v=1latmr
1 Loose silty sand 1.00 18 18 1.000 0.18 65 6 17 22 148 0.97 0.23 0.34
2 Loose silty sand 2.00 37 37 0.978 0.17 65 6 17 22 148 0.95 0.23 0.33
3 Loose silty sand 3.30 60 60 0.954 0.17 65 6 13 18 1.48 0.92 0.19 0.26
4 Ignimbrite 6.40 136 108 0.887 0.20 1.48
5 M. Dense silty sand 7.00 147 114 0.873 0.20 65 6 12 18 1.48 0.86 0.18 0.23 1.17
6 M. Dense silty sand 8.00 167 124 0.848 0.20 65 6 24 30 1.48 0.75 0.48 0.53 2.64
7 M. Dense silty sand 9.00 186 133 0.824 0.20 65 6 23 29 1.48 0.74 0.43 0.47 2.32
8 M. Dense silty sand 10.00 206 143 0.799 0.20 65 6 21 26 1.48 0.75 0.33 0.37 1.82
9 M. Dense silty sand 11.00 225 153 0.774 0.20 65 6 20 26 1.48 0.74 0.31 0.34 1.70
10 M. Dense silty sand 12.00 245 163 0.750 0.20 65 6 20 25 1.48 0.73 0.29 0.32 1.61
11 M. Dense silty sand 13.00 265 173 0.726 0.20 65 6 19 25 1.48 0.72 0.28 0.30 1.54
12 M. Dense silty sand 14.00 285 183 0.702 0.19 65 6 18 24 148 0.71 0.27 0.29 1.49
13 M. Dense silty sand 15.00 305 193 0.679 0.19 65 6 18 24 1.48 0.70 0.26 0.27 1.44
Mw= 6.5
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=75, CRRy=7,s.v FS=CRR/CSR
,% o'v=1atmr
1 Loose silty sand 1.00 18 18 1.000 0.18 65 6 17 22 1.30 0.97 0.23 0.30




2 Loose silty sand 2.00 37 37 0982 0.17 65 6 17 22 1.30 0.95 0.23 0.29
3 Loose silty sand 3.30 60 60 0.962 0.17 65 6 13 18 1.30 0.92 0.19 0.23
4 Ignimbrite 6.40 136 108 0.905 0.20 1.30
5 M. Dense silty sand 7.00 147 114 0.893 0.20 65 6 12 18 1.30 0.86 0.18 0.20 1.00
6 M. Dense silty sand 8.00 167 124 0.873 0.21 65 6 24 30 1.30 0.75 0.48 0.47 2.25
7 M. Dense silty sand 9.00 186 133 0.852 0.21 65 6 23 29 1.30 0.74 0.43 0.41 1.97
8 M. Dense silty sand 10.00 206 143 0.830 0.21 65 6 21 26 1.30 0.75 0.33 0.32 1.54
9 M. Dense silty sand 11.00 225 153 0.809 0.21 65 6 20 26 1.30 0.74 0.31 0.30 1.43
10 M. Dense silty sand 12.00 245 163 0.787 0.21 65 6 20 25 1.30 0.73 0.29 0.28 1.35
11 M. Dense silty sand 13.00 265 173 0.766 0.21 65 6 19 25 1.30 0.72 0.28 0.26 1.28
12 M. Dense silty sand 14.00 285 183 0.744 0.20 65 6 18 24 1.30 0.71 0.27 0.25 1.23
13 M. Dense silty sand 15.00 305 193 0.724 0.20 65 6 18 24 1.30 0.70 0.26 0.24 1.19
Mw= 6.8
Layer #| Layer Name Depth, m ov o'V rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=7s, CRRy=7. v FS=CRR/CSR
,% o'v=1latmr
1 Loose silty sand 1.00 18 18 1.000 0.18 65 6 17 22 1.20 0.97 0.23 0.27
2 Loose silty sand 2.00 37 37 0.985 0.17 65 6 17 22 1.20 0.95 0.23 0.27
3 Loose silty sand 3.30 60 60 0.967 0.17 65 6 13 18 1.20 0.92 0.19 0.21
4 Ignimbrite 6.40 136 108 0.917 0.20 1.20
5 M. Dense silty sand 7.00 147 114 0.906 0.21 65 6 12 18 1.20 0.86 0.18 0.19 0.91
6 M. Dense silty sand 8.00 167 124 0.888 0.21 65 6 24 30 1.20 0.75 0.48 0.43 2.05
7 M. Dense silty sand 9.00 186 133 0.869 0.21 65 6 23 29 1.20 0.74 0.43 0.38 1.79
8 M. Dense silty sand 10.00 206 143 0.850 0.21 65 6 21 26 1.20 0.75 0.33 0.30 1.39
9 M. Dense silty sand 11.00 225 153 0.830 0.21 65 6 20 26 1.20 0.74 0.31 0.28 1.29
10 M. Dense silty sand 12.00 245 163 0.810 0.21 65 6 20 25 1.20 0.73 0.29 0.26 1.21
11 M. Dense silty sand 13.00 265 173 0.791 0.21 65 6 19 25 1.20 0.72 0.28 0.24 1.15
12 M. Dense silty sand 14.00 285 183 0.771 0.21 65 6 18 24 1.20 0.71 0.27 0.23 1.10
13 M. Dense silty sand 15.00 305 193 0.752 0.21 65 6 18 24 1.20 0.70 0.26 0.22 1.06
PIH amax (g)
Mw= 7
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=75, CRRy=7,sv FS=CRR/CSR
.% c'v=latmr
1 Loose silty sand 1.00 18 18 1.000 0.18 65 6 17 22 1.14 0.97 0.23 0.26
2 Loose silty sand 2.00 37 37 0.987 0.17 65 6 17 22 1.14 0.95 0.23 0.25
3 Loose silty sand 3.30 60 60 0.970 0.17 65 6 13 18 1.14 0.92 0.19 0.20
4 Ignimbrite 6.40 136 108 0.925 0.20 1.14
5 M. Dense silty sand 7.00 147 114 0.915 0.21 65 6 12 18 1.14 0.86 0.18 0.18 0.86
6 M. Dense silty sand 8.00 167 124 0.898 0.21 65 6 24 30 1.14 0.75 0.48 0.41 1.92
7 M. Dense silty sand 9.00 186 133 0.880 0.22 65 6 23 29 1.14 0.74 0.43 0.36 1.68
8 M. Dense silty sand 10.00 206 143 0.863 0.22 65 6 21 26 1.14 0.75 0.33 0.28 1.30
9 M. Dense silty sand 11.00 225 153 0.844 0.22 65 6 20 26 1.14 0.74 0.31 0.26 1.20
10 M. Dense silty sand 12.00 245 163 0.826 0.22 65 6 20 25 1.14 0.73 0.29 0.25 1.13
11 M. Dense silty sand 13.00 265 173 0.808 0.22 65 6 19 25 1.14 0.72 0.28 0.23 1.07
12 M. Dense silty sand 14.00 285 183 0.789 0.22 65 6 18 24 1.14 0.71 0.27 0.22 1.02
13 M. Dense silty sand 15.00 305 193 0.771 0.21 65 6 18 24 1.14 0.70 0.26 0.21 0.98




Mw= 7.2
Layer #| Layer Name Depth,m ov o©'v rd CSR FC A(N1)60 (N1)60 (N1)60cs MSF K CRRy=75, CRRy=7 v FS=CRR/CSR
,% o'v=1atmr
1 Loose silty sand 1.00 18 18 0.997 0.18 65 6 17 22 1.08 0.97 0.23 0.25
2 Loose silty sand 2.00 37 37 0.986 0.17 65 6 17 22 1.08 0.95 0.23 0.24
3 Loose silty sand 3.30 60 60 0.970 0.17 65 6 13 18 1.08 0.92 0.19 0.19
4 Ignimbrite 6.40 136 108 0.923 0.20 1.08
5 M. Dense silty sand 7.00 147 114 0.913 0.21 65 6 12 18 1.08 0.86 0.18 0.17 0.82
6 M. Dense silty sand 8.00 167 124 0.895 0.21 65 6 24 30 1.08 0.75 0.48 0.39 1.83
7 M. Dense silty sand 9.00 186 133 0.878 0.22 65 6 23 29 1.08 0.74 0.43 0.34 1.60
8 M. Dense silty sand 10.00 206 143 0.859 0.22 65 6 21 26 1.08 0.75 0.33 0.27 1.24
9 M. Dense silty sand 11.00 225 153 0.841 0.22 65 6 20 26 1.08 0.74 0.31 0.25 1.15
10 M. Dense silty sand 12.00 245 163 0.822 0.22 65 6 20 25 1.08 0.73 0.29 0.23 1.08
11 M. Dense silty sand 13.00 265 173 0.803 0.22 65 6 19 25 1.08 0.72 0.28 0.22 1.02
12 M. Dense silty sand 14.00 285 183 0.785 0.21 65 6 18 24 1.08 0.71 0.27 0.21 0.97
13 M. Dense silty sand 15.00 305 193 0.766 0.21 65 6 18 24 1.08 0.70 0.26 0.20 0.93
Table C2. SPT based analysis output of NIB (ama&Xt8y)
Mw= 55
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=75, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.69 0.98 0.23 0.38
2 | silty sand (ash) 2.00 34 34 0969 0.14 53 6 25 30 1.69 0.93 0.49 0.78
3 | silty sand (ash) 3.00 51 51 0.945 0.13 53 6 21 26 1.69 0.91 0.33 0.50
4 | silty sand (ash) 4.00 68 58 0.919 0.15 53 6 20 25 1.69 0.90 0.29 0.45
5 | silty sand (ash) 5.00 85 65 0.891 0.16 53 6 19 24 169 0.90 0.27 0.41
6 | Ignimbrite 6.40 117 83 0.850 0.17 53 6 0
7 | M. dense silty sand 7.00 127 88 0.832 0.17 53 6 2 2 28 1.69 0.84 0.39 0.54 3.23
8 | M. dense silty sand 8.00 144 95 0.802 0.17 53 6 2 2 27 1.69 0.83 0.36 0.50 2.93
9 [ M. dense silty sand 9.00 161 102 0.771 0.17 53 6 17 23 1.69 0.85 0.24 0.35 2.06
10 | M. dense silty sand 10.00 178 109 0.741 0.17 53 6 17 22 1.69 0.84 0.24 0.34 1.99
11 | M. dense silty sand 11.00 195 116 0.710 0.17 53 6 19 24 1.69 0.82 0.28 0.38 2.29
12 | M. dense silty sand 12.00 212 124 0.681 0.16 53 6 18 24 1.69 0.81 0.27 0.36 2.22
13| M. dense silty sand 13.00 229 131 0.652 0.16 53 6 21 27 1.69 0.77 0.34 0.44 2.77
14 | M. dense silty sand 14.00 246 138 0.624 0.16 53 6 21 26 1.69 0.76 0.32 0.42 2.68
15| M. dense silty sand 15.00 263 145 0.597 0.15 53 6 12 18 1.69 0.82 0.18 0.25 1.66
16 | M. dense silty sand 16.00 280 152 0.572 0.15 53 6 12 17 1.69 0.82 0.18 0.24 1.67
17 | M. dense silty sand 17.00 297 160 0.547 0.14 53 6 15 21 1.69 0.78 0.22 0.29 2.02
18 | M. dense silty sand 18.00 314 167 0525 0.14 53 6 15 21 1.69 0.77 0.21 0.28 2.03
19 | M. dense silty sand 19.00 331 174 0,503 0.13 53 6 15 20 1.69 0.76 0.21 0.27 2.03
20 | M. dense silty sand 20.00 348 181 0.483 0.13 53 6 15 20 1.69 0.76 0.21 0.26 2.04




Mw= 6
Layer #| Layer Name Depth, m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=7s, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.48 0.98 0.23 0.34
2 | silty sand (ash) 2.00 34 34 0978 0.14 53 6 25 30 1.48 0.93 0.49 0.68
3 | silty sand (ash) 3.00 51 51 0.959 0.13 53 6 21 26 148 0.91 0.33 0.44
4 | silty sand (ash) 4.00 68 58 0.940 0.15 53 6 20 25 1.48 0.90 0.29 0.40 2.58
5 | silty sand (ash) 5.00 85 65 0.918 0.17 53 6 19 24 1.48 0.90 0.27 0.36 2.17
6 | Ignimbrite 6.40 117 83 0.887 0.17 53 6 0
7 | M. dense silty sand 7.00 127 88 0.873 0.18 53 6 2 2 28 1.48 0.84 0.39 0.48 271
8 | M. dense silty sand 8.00 144 95 0.848 0.18 53 6 2 2 27 1.48 0.83 0.36 0.44 2.43
9 [ M. dense silty sand 9.00 161 102 0.824 0.18 53 6 17 23 1.48 0.85 0.24 0.31 1.70
10 | M. dense silty sand 10.00 178 109 0.799 0.18 53 6 17 22 148 0.84 0.24 0.29 1.62
11 | M. dense silty sand 11.00 195 116 0.774 0.18 53 6 19 24 1.48 0.82 0.28 0.33 1.84
12 | M. dense silty sand 12.00 212 124 0.750 0.18 53 6 18 24 1.48 0.81 0.27 0.32 1.77
13| M. dense silty sand 13.00 229 131 0.726 0.18 53 6 21 27 1.48 0.77 0.34 0.39 2.19
14 | M. dense silty sand 14.00 246 138 0.702 0.17 53 6 21 26 1.48 0.76 0.32 0.37 2.09
15| M. dense silty sand 15.00 263 145 0.679 0.17 53 6 12 18 1.48 0.82 0.18 0.22 1.28
16 | M. dense silty sand 16.00 280 152 0.656 0.17 53 6 12 17 1.48 0.82 0.18 0.22 1.28
17 | M. dense silty sand 17.00 297 160 0.635 0.17 53 6 15 21 1.48 0.78 0.22 0.25 1.53
18 | M. dense silty sand 18.00 314 167 0.614 0.16 53 6 15 21 1.48 0.77 0.21 0.25 1.52
19 | M. dense silty sand 19.00 331 174 0595 0.16 53 6 15 20 1.48 0.76 0.21 0.24 151
20 | M. dense silty sand 20.00 348 181 0.576 0.15 53 6 15 20 1.48 0.76 0.21 0.23 1.50
Mw= 6.5
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=75, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.30 0.98 0.23 0.30
2 | silty sand (ash) 2.00 34 34 0982 0.14 53 6 25 30 1.30 0.93 0.49 0.60
3 | silty sand (ash) 3.00 51 51 0.967 0.14 53 6 21 26 1.30 0.91 0.33 0.39
4 | silty sand (ash) 4.00 68 58 0.950 0.16 53 6 20 25 1.30 0.90 0.29 0.35 2.24
5 | silty sand (ash) 5.00 85 65 0.932 0.17 53 6 19 24 1.30 0.90 0.27 0.32 1.88
6 | Ignimbrite 6.40 117 83 0.905 0.18 53 6 0
7 | M. dense silty sand 7.00 127 88 0.893 0.18 53 6 2 2 28 1.30 0.84 0.39 0.42 2.32
8 | M. dense silty sand 8.00 144 95 0.873 0.19 53 6 2 2 27 1.30 0.83 0.36 0.38 2.07
9 [ M. dense silty sand 9.00 161 102 0.852 0.19 53 6 17 23 1.30 0.85 0.24 0.27 1.44
10 | M. dense silty sand 10.00 178 109 0.830 0.19 53 6 17 22 1.30 0.84 0.24 0.26 1.37
11 | M. dense silty sand 11.00 195 116 0.809 0.19 53 6 19 24 1.30 0.82 0.28 0.29 1.55
12 | M. dense silty sand 12.00 212 124 0.787 0.19 53 6 18 24 1.30 0.81 0.27 0.28 1.48
13| M. dense silty sand 13.00 229 131 0.766 0.19 53 6 21 27 1.30 0.77 0.34 0.34 1.82
14 | M. dense silty sand 14.00 246 138 0.744 0.19 53 6 21 26 1.30 0.76 0.32 0.32 1.73
15| M. dense silty sand 15.00 263 145 0.724 0.18 53 6 12 18 1.30 0.82 0.18 0.19 1.06
16 | M. dense silty sand 16.00 280 152 0.703 0.18 53 6 12 17 1.30 0.82 0.18 0.19 1.05
17 | M. dense silty sand 17.00 297 160 0.684 0.18 53 6 15 21 1.30 0.78 0.22 0.22 1.25




18 | M. dense silty sand 18.00 314 167 0.665 0.17 53 6 15 21 1.30 0.77 0.21 0.22 1.23
19 | M. dense silty sand 19.00 331 174 0.647 0.17 53 6 15 20 1.30 0.76 0.21 0.21 1.22
20 | M. dense silty sand 20.00 348 181 0.629 0.17 53 6 15 20 1.30 0.76 0.21 0.20 1.21
Mw= 6.8
Layer #| Layer Name Depth, m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=7s, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.20 0.98 0.23 0.27
2 | silty sand (ash) 2.00 34 34 098 0.14 53 6 25 30 1.20 0.93 0.49 0.55
3 | silty sand (ash) 3.00 51 51 0.971 0.14 53 6 21 26 1.20 0.91 0.33 0.36
4 | silty sand (ash) 4.00 68 58 0.957 0.16 53 6 20 25 1.20 0.90 0.29 0.32 2.05
5 | silty sand (ash) 5.00 85 65 0.941 0.17 53 6 19 24 1.20 0.90 0.27 0.29 1.72
6 | Ignimbrite 6.40 117 83 0917 0.18 53 6 0 1.20
7 | M. dense silty sand 7.00 127 88 0.906 0.18 53 6 2 2 28 1.20 0.84 0.39 0.39 2.12
8 | M. dense silty sand 8.00 144 95 0.888 0.19 53 6 2 2 27 1.20 0.83 0.36 0.35 1.88
9 [ M. dense silty sand 9.00 161 102 0.869 0.19 53 6 17 23 1.20 0.85 0.24 0.25 1.30
10 | M. dense silty sand 10.00 178 109 0.850 0.19 53 6 17 22 1.20 0.84 0.24 0.24 1.24
11 | M. dense silty sand 11.00 195 116 0.830 0.19 53 6 19 24 1.20 0.82 0.28 0.27 1.40
12 | M. dense silty sand 12.00 212 124 0.810 0.19 53 6 18 24 1.20 0.81 0.27 0.26 1.33
13| M. dense silty sand 13.00 229 131 0.791 0.19 53 6 21 27 1.20 0.77 0.34 0.31 1.63
14 | M. dense silty sand 14.00 246 138 0.771 0.19 53 6 21 26 1.20 0.76 0.32 0.30 1.55
15| M. dense silty sand 15.00 263 145 0.752 0.19 53 6 12 18 1.20 0.82 0.18 0.18 0.94
16 | M. dense silty sand 16.00 280 152 0.733 0.19 53 6 12 17 1.20 0.82 0.18 0.17 0.93
17 | M. dense silty sand 17.00 297 160 0.715 0.19 53 6 15 21 1.20 0.78 0.22 0.21 1.10
18 | M. dense silty sand 18.00 314 167 0.697 0.18 53 6 15 21 1.20 0.77 0.21 0.20 1.09
19 | M. dense silty sand 19.00 331 174 0.680 0.18 53 6 15 20 1.20 0.76 0.21 0.19 1.07
20 | M. dense silty sand 20.00 348 181 0.663 0.18 53 6 15 20 1.20 0.76 0.21 0.19 1.06
Mw= 7
Layer #| Layer Name Depth,m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=75, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.14 0.98 0.23 0.26
2 | silty sand (ash) 2.00 34 34 0987 0.14 53 6 25 30 1.14 0.93 0.49 0.53
3 | silty sand (ash) 3.00 51 51 0.974 0.14 53 6 21 26 1.14 0.91 0.33 0.34
4 | silty sand (ash) 4.00 68 58 0.961 0.16 53 6 20 25 1.14 0.90 0.29 0.30 1.94
5 | silty sand (ash) 5.00 85 65 0.946 0.17 53 6 19 24 1.14 0.90 0.27 0.28 1.62
6 | Ignimbrite 6.40 117 83 0925 0.18 53 6 0 1.14
7 | M. dense silty sand 7.00 127 88 0915 0.19 53 6 2 2 28 1.14 0.84 0.39 0.37 1.99
8 | M. dense silty sand 8.00 144 95 0.898 0.19 53 6 2 2 27 1.14 0.83 0.36 0.34 1.77
9 | M. dense silty sand 9.00 161 102 0.880 0.19 53 6 17 23 1.14 0.85 0.24 0.24 1.22
10 | M. dense silty sand 10.00 178 109 0.863 0.20 53 6 17 22 1.14 0.84 0.24 0.23 1.15
11 | M. dense silty sand 11.00 195 116 0.844 0.20 53 6 19 24 1.14 0.82 0.28 0.26 1.30
12 | M. dense silty sand 12.00 212 124 0.826 0.20 53 6 18 24 1.14 0.81 0.27 0.25 1.24
13| M. dense silty sand 13.00 229 131 0.808 0.20 53 6 21 27 1.14 0.77 0.34 0.30 151
14 | M. dense silty sand 14.00 246 138 0.789 0.20 53 6 21 26 1.14 0.76 0.32 0.28 1.43




15

M. dense silty sand

15.00

263

145

0.771

0.20 53 6 12 18 1.14 0.82 0.18 0.17 0.87
16 | M. dense silty sand 16.00 280 152 0.754 0.19 53 6 12 17 1.14 0.82 0.18 0.17 0.86
17 | M. dense silty sand 17.00 297 160 0.736 0.19 53 6 15 21 1.14 0.78 0.22 0.19 1.02
18 | M. dense silty sand 18.00 314 167 0.719 0.19 53 6 15 21 1.14 0.77 0.21 0.19 1.00
19 | M. dense silty sand 19.00 331 174 0.703 0.19 53 6 15 20 1.14 0.76 0.21 0.18 0.98
20| M. dense silty sand 20.00 348 181 0.687 0.18 53 6 15 20 1.14 0.76 0.21 0.18 0.97
Mw= 7.2
Layer #| Layer Name Depth, m ov o'V rd CSR FC A(N1)60 (N1)60 (N1) MSF Ko CRRy=7s, CRRy=76v FS=
,% 60cs Sv=latr CRR/CSR
1| silty sand (ash) 1.00 17 17 1.000 0.14 53 6 17 22 1.08 0.98 0.23 0.25
2 | silty sand (ash) 2.00 34 34 0988 0.14 53 6 25 30 1.08 0.93 0.49 0.50
3 | silty sand (ash) 3.00 51 51 0977 0.14 53 6 21 26 1.08 0091 0.33 0.32
4 | silty sand (ash) 4.00 68 58 0.965 0.16 53 6 20 25 1.08 0.90 0.29 0.29 1.83
5 | silty sand (ash) 5.00 85 65 0.952 0.17 53 6 19 24 1.08 0.90 0.27 0.26 1.53
6 | Ignimbrite 6.40 117 83 0932 0.18 53 6 0 1.08
7 | M. dense silty sand 7.00 127 88 0924 0.19 53 6 2 2 28 1.08 0.84 0.39 0.35 1.87
8 | M. dense silty sand 8.00 144 95 0.908 0.19 53 6 2 2 27 1.08 0.83 0.36 0.32 1.66
9 | M. dense silty sand 9.00 161 102 0.892 0.20 53 6 17 23 1.08 0.85 0.24 0.22 1.14
10| M. dense silty sand 10.00 178 109 0.876 0.20 53 6 17 22 1.08 0.84 0.24 0.22 1.08
11| M. dense silty sand 11.00 195 116 0.859 0.20 53 6 19 24 1.08 0.82 0.28 0.24 1.21
12 | M. dense silty sand 12.00 212 124 0.842 0.20 53 6 18 24 1.08 0.1 0.27 0.23 1.15
13| M. dense silty sand 13.00 229 131 0825 0.20 53 6 21 27 1.08 0.77 0.34 0.28 1.40
14| M. dense silty sand 14.00 246 138 0.808 0.20 53 6 21 26 1.08 0.76 0.32 0.27 1.33
15| M. dense silty sand 15.00 263 145 0.791 0.20 53 6 12 18 1.08 0.82 0.18 0.16 0.80
16 | M. dense silty sand 16.00 280 152 0.775 0.20 53 6 12 17 1.08 0.82 0.18 0.16 0.79
17 | M. dense silty sand 17.00 297 160 0.758 0.20 53 6 15 21 1.08 0.78 0.22 0.18 0.94
18 | M. dense silty sand 18.00 314 167 0.742 0.20 53 6 15 21 1.08 0.77 0.21 0.18 0.92
19 | M. dense silty sand 19.00 331 174 0.727 0.19 53 6 15 20 1.08 0.76 0.21 0.17 0.90
20| M. dense silty sand 20.00 348 181 0.712 0.19 53 6 15 20 1.08 0.76 0.21 0.17 0.89




Table C3 to Table C6 are the output of simplifiedgedure (Andrus and stoke 2004) based on geotdlinvestigation report

Table C3. Shear wave velocity based analysis owtpRtH (amax =0.279g)

Mw= 55
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2z VS1* MSF CRR FS=
# rec.(m/s) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 2.21 NL
2 Loose silty sand 2.0 37 37 0.969 0.17 65 138 1.3 177 1.0 1.0 200 221 NL
3 Loose silty sand 3.3 60 60 0.937 0.16 65 138 1.1 156 1.0 1.0 200 221 NL
4 Ignimbrite 6.4 136 108 0.850 0.19 3035 1.0 NL
5 M. dense silty sand 7.0 147 114 0.832 0.19 65 167 1.0 162 1.0 1.0 200 221 0.26 1.36
6 M. dense silty sand 8.0 167 124 0.802 0.19 65 199 0.9 189 1.0 1.0 200 221 0.69 3.63
7 M. dense silty sand 9.0 186 133 0.771 0.19 65 199 0.9 185 1.0 1.0 200 221 055 2.92
8 M. dense silty sand 10.0 206 143 0.741 0.19 65 5 20 0.9 187 1.0 1.0 200 221 0.63 3.38
9 M. dense silty sand 11.0 225 153 0.710 0.18 65 5 20 0.9 184 1.0 1.0 200 221 053 2.88
10 M. dense silty sand 12.0 245 163 0.681 0.18 65 18 2 0.9 193 1.0 1.0 200 221 1.03 5.74
11 M. dense silty sand 13.0 265 173  0.652 0.18 65 18 2 0.9 190 1.0 1.0 200 221 077 441
12 M. dense silty sand 14.0 285 183 0.624 0.17 65 18 2 0.9 187 1.0 1.0 200 221 0.64 3.72
13 M. dense silty sand 15.0 305 193 0.597 0.17 65 18 2 0.8 185 1.0 1.0 200 221 055 3.32
Mw= 6 EST.
VS1
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2 VS1* MSF CRR FS
# rec.(m/s)
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 1.77 NL
2 Loose silty sand 2.0 37 37 0.978 0.17 65 138 1.3 177 1.0 1.0 200 1.77 NL
3 Loose silty sand 3.3 60 60 0.954 0.17 65 138 1.1 156 1.0 1.0 200 1.77 NL
4 Ignimbrite 6.4 136 108 0.887 0.20 3035 1.0 NL
5 M. dense silty sand 7.0 147 114 0.873 0.20 65 167 1.0 162 1.0 1.0 200 177 021 1.04
6 M. dense silty sand 8.0 167 124 0.848 0.20 65 199 0.9 189 1.0 1.0 200 1.77 055 2.75
7 M. dense silty sand 9.0 186 133 0.824 0.20 65 199 0.9 185 1.0 1.0 200 1.77 044 2.19
8 M. dense silty sand 10.0 206 143  0.799 0.20 65 5 20 0.9 187 1.0 1.0 200 1.77 051 251
9 M. dense silty sand 11.0 225 153 0.774 0.20 65 5 20 0.9 184 1.0 1.0 200 177 042 2.12
10 M. dense silty sand 12.0 245 163 0.750 0.20 65 18 2 0.9 193 1.0 1.0 200 177 0.83 4.17
11 M. dense silty sand 13.0 265 173 0.726 0.20 65 18 2 0.9 190 1.0 1.0 200 177 0.62 3.17
12 M. dense silty sand 14.0 285 183 0.702 0.19 65 18 2 0.9 187 1.0 1.0 200 177 051 2.65
13 M. dense silty sand 15.0 305 193 0.679 0.19 65 18 2 0.8 185 1.0 1.0 200 177 044 2.34
Mw= 6.5
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2z VS1* MSF CRR FS
# rec.(m/s)
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 1.44 NL
2 Loose silty sand 2.0 37 37 0.982 0.17 65 138 1.3 177 1.0 1.0 200 1.44 NL
3 Loose silty sand 3.3 60 60 0.962 0.17 65 138 1.1 156 1.0 1.0 200 1.44 NL
4 Ignimbrite 6.4 136 108 0.905 0.20 3035 1.0 NL




5 M. dense silty sand 7.0 147 114 0.893 0.20 65 167 1.0 162 1.0 1.0 200 1.44 0.17 0.83
6 M. dense silty sand 8.0 167 124 0.873 0.21 65 199 0.9 189 1.0 1.0 200 144 045 2.18
7 M. dense silty sand 9.0 186 133 0.852 0.21 65 199 0.9 185 1.0 1.0 200 144 0.36 1.73
8 M. dense silty sand 10.0 206 143 0.830 0.21 65 5 20 0.9 187 1.0 1.0 200 144 041 1.97
9 M. dense silty sand 11.0 225 153 0.809 0.21 65 5 20 0.9 184 1.0 1.0 200 144 0.35 1.65
10 M. dense silty sand 12.0 245 163  0.787 0.21 65 18 2 0.9 193 1.0 1.0 200 144 0.67 3.24
11 M. dense silty sand 13.0 265 173 0.766 0.21 65 18 2 0.9 190 1.0 1.0 200 144 0.50 2.45
12 M. dense silty sand 14.0 285 183 0.744 0.20 65 18 2 0.9 187 1.0 1.0 200 144 041 2.04
13 M. dense silty sand 15.0 305 193 0.724 0.20 65 18 2 0.8 185 1.0 1.0 200 144 0.36 1.78
Mw= 6.8
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2z VS1* MSF CRR FS
# rec.(m/s)
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 1.28 NL
2 Loose silty sand 2.0 37 37 0.985 0.17 65 138 1.3 177 1.0 1.0 200 1.28 NL
3 Loose silty sand 3.3 60 60 0.967 0.17 65 138 1.1 156 1.0 1.0 200 1.28 NL
4 Ignimbrite 6.4 136 108 0.917 0.20 3035 1.0 281 NL
5 M. dense silty sand 7.0 147 114 0906 0.21 65 167 1.0 162 1.0 1.0 200 128 015 0.73
6 M. dense silty sand 8.0 167 124 0.888 0.21 65 199 0.9 189 1.0 1.0 200 1.28 0.40 191
7 M. dense silty sand 9.0 186 133 0.869 0.21 65 199 0.9 185 1.0 1.0 200 1.28 0.32 151
8 M. dense silty sand 10.0 206 143 0.850 0.21 65 5 20 0.9 187 1.0 1.0 200 1.28 0.37 1.71
9 M. dense silty sand 11.0 225 153 0.830 0.21 65 5 20 0.9 184 1.0 1.0 200 1.28 0.31 1.43
10 M. dense silty sand 12.0 245 163 0.810 0.21 65 18 2 0.9 193 1.0 1.0 200 1.28 0.60 2.80
11 M. dense silty sand 13.0 265 173 0.791 0.21 65 18 2 0.9 190 1.0 1.0 200 1.28 045 211
12 M. dense silty sand 14.0 285 183 0.771 0.21 65 18 2 0.9 187 1.0 1.0 200 1.28 0.37 1.75
13 M. dense silty sand 15.0 305 193 0.752 0.21 65 18 2 0.8 185 1.0 1.0 200 1.28 0.32 1.53
Mw= 7
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2 VS1* MSF CRR FS
# rec.(m/s)
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 1.19 NL
2 Loose silty sand 2.0 37 37 0.987 0.17 65 138 1.3 177 1.0 1.0 200 1.19 NL
3 Loose silty sand 3.3 60 60 0.970 0.17 65 138 1.1 156 1.0 1.0 200 1.19 NL
4 Ignimbrite 6.4 136 108 0.925 0.20 3035 1.0 191 NL
5 M. dense silty sand 7.0 147 114 0915 o0.21 65 167 1.0 162 1.0 1.0 200 1.19 0.14 0.67
6 M. dense silty sand 8.0 167 124 0.898 0.21 65 199 0.9 189 1.0 1.0 200 1.19 0.37 1.75
7 M. dense silty sand 9.0 186 133 0.880 0.22 65 199 0.9 185 1.0 1.0 200 1.19 0.30 1.38
8 M. dense silty sand 10.0 206 143 0.863 0.22 65 5 20 0.9 187 1.0 1.0 200 119 0.34 1.56
9 M. dense silty sand 11.0 225 153 0.844 0.22 65 5 20 0.9 184 1.0 1.0 200 119 0.29 131
10 M. dense silty sand 12.0 245 163  0.826 0.22 65 18 2 0.9 193 1.0 1.0 200 119 0.56 2.55
11 M. dense silty sand 13.0 265 173  0.808 0.22 65 18 2 0.9 190 1.0 1.0 200 119 042 1.92
12 M. dense silty sand 14.0 285 183 0.789 0.22 65 18 2 0.9 187 1.0 1.0 200 119 0.34 1.59
13 M. dense silty sand 15.0 305 193 0.771 0.21 65 18 2 0.8 185 1.0 1.0 200 119 0.30 1.38
Mw= 7.2
Layer | Layer Name Depth, m ov o'V rd CSR FC,% VS CN Vsl Kal Ka2z VS1* MSF CRR FS
# rec.(m/s)
1 Loose silty sand 1.0 18 18 1.000 0.18 65 138 15 211 1.0 1.0 200 1.11 NL




2 Loose silty sand 2.0 37 37 0.988 0.17 65 138 1.3 177 1.0 1.0 200 1.11 NL
3 Loose silty sand 3.3 60 60 0.974 0.17 65 138 1.1 156 1.0 1.0 200 1.11 NL
4 Ignimbrite 6.4 136 108 0.932 0.21 3035 1.0 111 NL
5 M. dense silty sand 7.0 147 114 0924 0.21 65 167 1.0 162 1.0 1.0 200 1.11 013 0.62
6 M. dense silty sand 8.0 167 124 0908 0.21 65 199 0.9 189 1.0 1.0 200 1.11 035 1.61
7 M. dense silty sand 9.0 186 133 0.892 0.22 65 199 0.9 185 1.0 1.0 200 1.11 0.28 1.27
8 M. dense silty sand 10.0 206 143 0.876 0.22 65 5 20 0.9 187 1.0 1.0 200 111 0.32 1.43
9 M. dense silty sand 11.0 225 153 0.859 0.22 65 5 20 0.9 184 1.0 1.0 200 111 0.27 1.20
10 M. dense silty sand 12.0 245 163 0.842 0.22 65 18 2 0.9 193 1.0 1.0 200 1.11  0.52 2.33
11 M. dense silty sand 13.0 265 173 0.825 0.22 65 18 2 0.9 190 1.0 1.0 200 111 0.39 1.75
12 M. dense silty sand 14.0 285 183 0.808 0.22 65 18 2 0.9 187 1.0 1.0 200 111  0.32 1.44
13 M. dense silty sand 15.0 305 193 0.791 0.22 65 18 2 0.8 185 1.0 1.0 200 1.11  0.28 1.26
Table C4. Shear wave velocity based analysis owtptP (geotechnical inv. Data) (amax=0.235g)
Mw= 55
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR
1 Silty Sand 1 13 13 0.991 0.15 53 113 1.67 189 0 1.1.0 200 221 NL
2 Silty Sand 2 26 26 0.969 0.15 53 129 1.40 180 0 1.1.0 200 221 NL
3 Silty Sand 3 41 41 0.945 0.14 53 145 1.25 182 0 1.1.0 200 221 NL
4 Silty Sand 4 55 55 0.919 0.14 53 185 1.16 215 0 1.1.0 200 221 NL
5 Silty Sand 5 69 69 0.891 0.14 53 185 1.10 203 0 1.1.0 200 221 NL
6 Silty Sand 6 84 84 0.862 0.13 53 185 1.05 194 0 1.1.0 200 221 NL
7 Silty Sand 7 98 98 0.832 0.13 53 196 1.01 197 0 1.1.0 200 221 NL
8 Silty Sand 8 112 112 0.802 0.12 53 209 0.97 203 1.0 1.0 200 2.21 NL
9 Silty Sand 9 126 126 0.771 0.12 53 221 0.94 208 1.0 1.0 200 2.21 NL
10 Silty Sand 10 141 141 0.741 0.11 53 221 0.92 320 1.0 1.0 200 221 NL
11 Silty Sand 11 155 145 0.710 0.12 53 217 0.91 8 19 1.0 1.0 200 221 3.34 28.80
12 Silty Sand 12 169 150 0.681 0.12 53 214 0.90 319 10 1.0 200 221 1.05 8.96
13 Silty Sand 13 184 154 0.652 0.12 53 213 0.90 119 10 1.0 200 221 0.86 7.26
14 Silty Sand 14 198 159 0.624 0.12 53 239 0.89 321 10 1.0 200 221 NL
15 Silty Sand 15 212 163 0.597 0.12 53 215 0.88 019 1.0 1.0 200 221 0.78 6.60
16 Silty Sand 16 226 168 0.572 0.12 53 232 0.88 420 1.0 1.0 200 221 NL
17 Silty Sand 17 241 172 0.547 0.12 53 230 0.87 120 10 1.0 200 221 NL
18 Silty Sand 18 255 177 0.525 0.12 53 238 0.87 720 1.0 1.0 200 221 NL
19 Silty Sand 19 269 181 0.503 0.11 53 248 0.86 421 1.0 1.0 200 221 NL
20 Silty Sand 20 284 185 0.483 0.11 53 252 0.86 6 21 1.0 1.0 200 221 NL
Mw= 6
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR
1 Silty Sand 1 13 13 0.994 0.15 53 113 1.67 189 0 1.1.0 200 1.77 NL
2 Silty Sand 2 26 26 0.978 0.15 53 129 1.40 180 0 1.1.0 200 1.77 NL




3 Silty Sand 3 41 41 0.959 0.15 53 145 1.25 182 0 1.1.0 200 1.77 NL
4 Silty Sand 4 55 55 0.940 0.14 53 185 1.16 215 0 1.1.0 200 1.77 NL
5 Silty Sand 5 69 69 0.918 0.14 53 185 1.10 203 0 1.1.0 200 1.77 NL
6 Silty Sand 6 84 84 0.896 0.14 53 185 1.05 194 0 1.1.0 200 1.77 NL
7 Silty Sand 7 98 98 0.873 0.13 53 196 1.01 197 0 1.1.0 200 1.77 NL
8 Silty Sand 8 112 112 0.848 0.13 53 209 0.97 203 1.0 1.0 200 1.77 NL
9 Silty Sand 9 126 126 0.824 0.13 53 221 0.94 208 1.0 1.0 200 1.77 NL
10 Silty Sand 10 141 141 0.799 0.12 53 221 0.92 320 1.0 1.0 200 1.77 NL
11 Silty Sand 11 155 145 0.774 0.13 53 217 0.91 8 19 1.0 1.0 200 1.77  2.67 21.14
12 Silty Sand 12 169 150 0.750 0.13 53 214 0.90 319 1.0 1.0 200 1.77 084 6.51
13 Silty Sand 13 184 154 0.726 0.13 53 213 0.90 119 10 1.0 200 1.77 0.69 5.22
14 Silty Sand 14 198 159 0.702 0.13 53 239 0.89 321 10 1.0 200 1.77 NL
15 Silty Sand 15 212 163 0.679 0.13 53 215 0.88 019 1.0 1.0 200 1.77 0.63 4.64
16 Silty Sand 16 226 168 0.656 0.14 53 232 0.88 420 1.0 1.0 200 1.77 NL
17 Silty Sand 17 241 172 0.635 0.14 53 230 0.87 120 10 1.0 200 1.77 NL
18 Silty Sand 18 255 177 0.614 0.14 53 238 0.87 720 1.0 1.0 200 1.77 NL
19 Silty Sand 19 269 181 0.595 0.14 53 248 0.86 421 10 1.0 200 1.77 NL
20 Silty Sand 20 284 185 0.576 0.13 53 252 0.86 6 21 1.0 1.0 200 1.77 NL
6.5
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR
1 Silty Sand 1 13 13 0.996 0.15 53 113 1.67 189 0 1.1.0 200 1.44 NL
2 Silty Sand 2 26 26 0.982 0.15 53 129 1.40 180 0 1.1.0 200 1.44 NL
3 Silty Sand 3 41 41 0.967 0.15 53 145 1.25 182 0 1.1.0 200 1.44 NL
4 Silty Sand 4 55 55 0.950 0.15 53 185 1.16 215 0 1.1.0 200 1.44 NL
5 Silty Sand 5 69 69 0.932 0.14 53 185 1.10 203 0 1.1.0 200 1.44 NL
6 Silty Sand 6 84 84 0.913 0.14 53 185 1.05 194 0 1.1.0 200 1.44 NL
7 Silty Sand 7 98 98 0.893 0.14 53 196 1.01 197 0 1.1.0 200 1.44 NL
8 Silty Sand 8 112 112 0.873 0.13 53 209 0.97 203 1.0 1.0 200 1.44 NL
9 Silty Sand 9 126 126 0.852 0.13 53 221 0.94 208 1.0 1.0 200 1.44 NL
10 Silty Sand 10 141 141 0.830 0.13 53 221 0.92 320 1.0 1.0 200 1.44 NL
11 Silty Sand 11 155 145 0.809 0.13 53 217 0.91 8 19 1.0 1.0 200 1.44 2.18 16.49
12 Silty Sand 12 169 150 0.787 0.14 53 214 0.90 319 1.0 1.0 200 1.44 0.69 5.05
13 Silty Sand 13 184 154 0.766 0.14 53 213 0.90 119 10 1.0 200 1.44 0.56 4.03
14 Silty Sand 14 198 159 0.744 0.14 53 239 0.89 321 10 1.0 200 1.44 NL
15 Silty Sand 15 212 163 0.724 0.14 53 215 0.88 019 1.0 1.0 200 144 051 3.55
16 Silty Sand 16 226 168 0.703 0.15 53 232 0.88 420 1.0 1.0 200 1.44 NL
17 Silty Sand 17 241 172 0.684 0.15 53 230 0.87 120 10 1.0 200 1.44 NL
18 Silty Sand 18 255 177 0.665 0.15 53 238 0.87 720 1.0 1.0 200 1.44 NL
19 Silty Sand 19 269 181 0.647 0.15 53 248 0.86 421 10 1.0 200 1.44 NL
20 Silty Sand 20 284 185 0.629 0.15 53 252 0.86 6 21 1.0 1.0 200 1.44 NL
6.8
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR
1 Silty Sand 1 13 13 0.997 0.15 53 113 1.67 189 0 1.1.0 200 1.28 NL




2 Silty Sand 2 26 26 0.985 0.15 53 129 1.40 180 0 1.1.0 200 1.28 NL
3 Silty Sand 3 41 41 0.971 0.15 53 145 1.25 182 0 1.1.0 200 1.28 NL
4 Silty Sand 4 55 55 0.957 0.15 53 185 1.16 215 0 1.1.0 200 1.28 NL
5 Silty Sand 5 69 69 0.941 0.14 53 185 1.10 203 0 1.1.0 200 1.28 NL
6 Silty Sand 6 84 84 0.924 0.14 53 185 1.05 194 0 1.1.0 200 1.28 NL
7 Silty Sand 7 98 98 0.906 0.14 53 196 1.01 197 0 1.1.0 200 1.28 NL
8 Silty Sand 8 112 112 0.888 0.14 53 209 0.97 203 1.0 1.0 200 1.28 NL
9 Silty Sand 9 126 126 0.869 0.13 53 221 0.94 208 1.0 1.0 200 1.28 NL
10 Silty Sand 10 141 141 0.850 0.13 53 221 0.92 320 1.0 1.0 200 1.28 NL
11 Silty Sand 11 155 145 0.830 0.14 53 217 0.91 8 19 1.0 1.0 200 128 194 14.32
12 Silty Sand 12 169 150 0.810 0.14 53 214 0.90 319 1.0 1.0 200 1.28 0.61 4.37
13 Silty Sand 13 184 154 0.791 0.14 53 213 0.90 119 10 1.0 200 1.28 0.50 3.48
14 Silty Sand 14 198 159 0.771 0.15 53 239 0.89 321 10 1.0 200 1.28 NL
15 Silty Sand 15 212 163 0.752 0.15 53 215 0.88 019 1.0 1.0 200 1.28 045 3.04
16 Silty Sand 16 226 168 0.733 0.15 53 232 0.88 420 1.0 1.0 200 1.28 NL
17 Silty Sand 17 241 172 0.715 0.15 53 230 0.87 120 10 1.0 200 1.28 NL
18 Silty Sand 18 255 177 0.697 0.15 53 238 0.87 720 1.0 1.0 200 1.28 NL
19 Silty Sand 19 269 181 0.680 0.15 53 248 0.86 421 10 1.0 200 1.28 NL
20 Silty Sand 20 284 185 0.663 0.15 53 252 0.86 6 21 1.0 1.0 200 1.28 NL
Mw= 7
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR
1 Silty Sand 1 13 13 0.997 0.15 53 113 1.67 189 0 1.1.0 200 1.19 NL
2 Silty Sand 2 26 26 0.987 0.15 53 129 1.40 180 0 1.1.0 200 1.19 NL
3 Silty Sand 3 41 41 0.974 0.15 53 145 1.25 182 0 1.1.0 200 1.19 NL
4 Silty Sand 4 55 55 0.961 0.15 53 185 1.16 215 0 1.1.0 200 1.19 NL
5 Silty Sand 5 69 69 0.946 0.14 53 185 1.10 203 0 1.1.0 200 1.19 NL
6 Silty Sand 6 84 84 0.931 0.14 53 185 1.05 194 0 1.1.0 200 1.19 NL
7 Silty Sand 7 98 98 0.915 0.14 53 196 1.01 197 0 1.1.0 200 1.19 NL
8 Silty Sand 8 112 112 0.898 0.14 53 209 0.97 203 1.0 1.0 200 1.19 NL
9 Silty Sand 9 126 126 0.880 0.13 53 221 0.94 208 1.0 1.0 200 1.19 NL
10 Silty Sand 10 141 141 0.863 0.13 53 221 0.92 320 1.0 1.0 200 1.19 NL
11 Silty Sand 11 155 145 0.844 0.14 53 217 0.91 8 19 1.0 1.0 200 1.19 1.80 13.07
12 Silty Sand 12 169 150 0.826 0.14 53 214 0.90 319 1.0 1.0 200 1.19 0.57 3.98
13 Silty Sand 13 184 154 0.808 0.15 53 213 0.90 119 10 1.0 200 1.19 0.46 3.16
14 Silty Sand 14 198 159 0.789 0.15 53 239 0.89 321 10 1.0 200 1.19 NL
15 Silty Sand 15 212 163 0.771 0.15 53 215 0.88 019 1.0 1.0 200 119 042 2.75
16 Silty Sand 16 226 168 0.754 0.16 53 232 0.88 420 1.0 1.0 200 1.19 NL
17 Silty Sand 17 241 172 0.736 0.16 53 230 0.87 120 10 1.0 200 1.19 NL
18 Silty Sand 18 255 177 0.719 0.16 53 238 0.87 720 1.0 1.0 200 1.19 NL
19 Silty Sand 19 269 181 0.703 0.16 53 248 0.86 421 10 1.0 200 1.19 NL
20 Silty Sand 20 284 185 0.687 0.16 53 252 0.86 6 21 1.0 1.0 200 1.19 NL
Mw= 7.2
Layer | Layer Name Depth, m ov o'V rd CSR FC.,% Yrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/s) CRR/CSR




1 Silty Sand 1 13 13 0.998 0.15 53 113 1.67 189 0 1.1.0 200 111 NL

2 Silty Sand 2 26 26 0.988 0.15 53 129 1.40 180 0 1.1.0 200 111 NL

3 Silty Sand 3 41 41 0.977 0.15 53 145 1.25 182 0 1.10 200 111 NL

4 Silty Sand 4 55 55 0.965 0.15 53 185 1.16 215 0 1.1.0 200 111 NL

5 Silty Sand 5 69 69 0.952 0.15 53 185 1.10 203 0 1.1.0 200 111 NL

6 Silty Sand 6 84 84 0.938 0.14 53 185 1.05 194 0 1.10 200 111 NL

7 Silty Sand 7 98 98 0.924 0.14 53 196 1.01 197 0 1.1.0 200 111 NL

8 Silty Sand 8 112 112 0.908 0.14 53 209 0.97 203 1.0 1.0 200 1.11 NL

9 Silty Sand 9 126 126 0.892 0.14 53 221 0.94 208 1.0 1.0 200 1.11 NL

10 Silty Sand 10 141 141 0.876 0.13 53 221 0.92 320 1.0 1.0 200 1.11 NL

11 Silty Sand 11 155 145 0.859 0.14 53 217 0.91 8 19 1.0 1.0 200 111  1.67 11.95
12 Silty Sand 12 169 150 0.842 0.15 53 214 0.90 319 1.0 1.0 200 1.11  0.53 3.63

13 Silty Sand 13 184 154 0.825 0.15 53 213 0.90 119 1.0 1.0 200 111 043 2.88

14 Silty Sand 14 198 159 0.808 0.15 53 239 0.89 321 1.0 1.0 200 1.11 NL

15 Silty Sand 15 212 163 0.791 0.16 53 215 0.88 019 1.0 1.0 200 111  0.39 2.50

16 Silty Sand 16 226 168 0.775 0.16 53 232 0.88 4 20 1.0 1.0 200 1.11 NL

17 Silty Sand 17 241 172 0.758 0.16 53 230 0.87 120 10 1.0 200 1.11 NL

18 Silty Sand 18 255 177 0.742 0.16 53 238 0.87 720 1.0 1.0 200 1.11 NL

19 Silty Sand 19 269 181 0.727 0.17 53 248 0.86 421 1.0 1.0 200 1.11 NL
20 Silty Sand 20 284 185 0.712 0.17 53 252 0.86 6 21 1.0 1.0 200 1.11 NL

Table C5 Shear wave velocity based analysis owatpNtB (amax=0.215g)
Mw= 55
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR

1 silty sand (ash) 1.00 17 17 0.991 0.14 53 146 615 227 1.00 1.00 200 2.21 NL

2 silty sand (ash) 2.00 34 34 0.969 0.14 53 146 113 191 1.00 1.00 200 2.21 NL

3 silty sand (ash) 3.00 51 51 0.945 0.13 53 146 811 173 1.00 1.00 200 2.21 NL

4 silty sand (ash) 4.00 68 58 0.919 0.15 53 162 411 185 1.00 1.00 200 221 0.56 3.75
5 silty sand (ash) 5.00 85 65 0.891 0.16 53 162 111 180 1.00 1.00 200 2.21 0.44 2.71
6 Ignimbrite 6.40 92 58 0.850 0.19 53 2470

7 M. dense silty sand 7.00 116 72 0.832 0.19 53 185 1.09 201 1.00 1.00 200 2.21 NL

8 M. dense silty sand 8.00 133 79 0.802 0.19 53 190 1.06 201 1.00 1.00 200 2.21 NL

9 M. dense silty sand 9.00 150 86 0.771 0.19 53 192 1.04 199 1.00 1.00 200 2.21 7.78

10 M. dense silty sand 10.00 167 94 0.741 0.18 53 92 1 1.02 195 1.00 1.00 200 2.21 1.46 7.90
11 M. dense silty sand 11.00 184 101  0.710 0.18 53 204 1.00 204 1.00 1.00 200 2.21 NL

12 M. dense silty sand 12.00 201 108 0.681 0.18 53 204 0.98 200 1.00 1.00 200 2.21 NL

13 M. dense silty sand 13.00 218 115 0.652 0.17 53 216 0.97 209 1.00 1.00 200 2.21 NL

14 M. dense silty sand 14.00 235 122 0.624 0.17 53 216 0.95 205 1.00 1.00 200 2.21 NL
15 M. dense silty sand 15.00 252 129  0.597 0.16 53 203 0.94 190 1.00 1.00 200 2.21 0.78 4.84
16 M. dense silty sand 16.00 269 137  0.572 0.16 53 203 0.92 188 1.00 1.00 200 2.21 0.65 4,12
17 M. dense silty sand 17.00 278 141 0.547 0.15 53 224 0.92 205 1.00 1.00 200 2.21 NL
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M. dense silty sand 18.00 295 148  0.525 0.15 53 230 0.91 208 1.00 1.00 200 2.21 NL
19 M. dense silty sand 19.00 312 155  0.503 0.14 53 240 0.90 215 1.00 1.00 200 2.21 NL
20 M. dense silty sand 20.00 329 162  0.483 0.14 53 244 0.89 216 1.00 1.00 200 2.21 NL
Mw= 6.0
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 silty sand (ash) 1.00 17 17 0.994 0.14 53 146 615 227 1.00 1.00 200 1.77 NL
2 silty sand (ash) 2.00 34 34 0.978 0.14 53 146 113 191 1.00 1.00 200 1.77 NL
3 silty sand (ash) 3.00 51 51 0.959 0.13 53 146 81.1 173 1.00 1.00 200 1.77 NL
4 silty sand (ash) 4.00 68 58 0.940 0.15 53 162 411 185 1.00 1.00 200 1.77 0.45 2.94
5 silty sand (ash) 5.00 85 65 0.918 0.17 53 162 111 180 1.00 1.00 200 1.77 0.35 2.11
6 Ignimbrite 6.40 92 58 0.887 0.19 53 2470
7 M. dense silty sand 7.00 116 72 0.873 0.20 53 185 1.09 201 1.00 1.00 200 1.77 NL
8 M. dense silty sand 8.00 133 79 0.848 0.20 53 190 1.06 201 1.00 1.00 200 1.77 NL
9 M. dense silty sand 9.00 150 86 0.824 0.20 53 192 1.04 199 1.00 1.00 200 1.77 6.23
10 M. dense silty sand 10.00 167 94 0.799 0.20 53 92 1 1.02 195 1.00 1.00 200 1.77 1.17 5.86
11 M. dense silty sand 11.00 184 101 0.774 0.20 53 204 1.00 204 1.00 1.00 200 1.77 NL
12 M. dense silty sand 12.00 201 108  0.750 0.19 53 204 0.98 200 1.00 1.00 200 1.77 NL
13 M. dense silty sand 13.00 218 115 0.726 0.19 53 216 0.97 209 1.00 1.00 200 1.77 NL
14 M. dense silty sand 14.00 235 122 0.702 0.19 53 216 0.95 205 1.00 1.00 200 1.77 NL
15 M. dense silty sand 15.00 252 129  0.679 0.18 53 203 0.94 190 1.00 1.00 200 1.77 0.63 3.40
16 M. dense silty sand 16.00 269 137  0.656 0.18 53 203 0.92 188 1.00 1.00 200 1.77 0.52 2.87
17 M. dense silty sand 17.00 278 141  0.635 0.18 53 224 0.92 205 1.00 1.00 200 1.77 NL
18 M. dense silty sand 18.00 295 148 0.614 0.17 53 230 0.91 208 1.00 1.00 200 1.77 NL
19 M. dense silty sand 19.00 312 155  0.595 0.17 53 240 0.90 215 1.00 1.00 200 1.77 NL
20 M. dense silty sand 20.00 329 162  0.576 0.16 53 244 0.89 216 1.00 1.00 200 1.77 NL
Mw= 6.5
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 silty sand (ash) 1.00 17 17 0.996 0.14 53 146 615 227 1.00 1.00 200 1.44 NL
2 silty sand (ash) 2.00 34 34 0.982 0.14 53 146 113 191 1.00 1.00 200 1.44 NL
3 silty sand (ash) 3.00 51 51 0.967 0.14 53 146 81.1 173 1.00 1.00 200 1.44 NL
4 silty sand (ash) 4.00 68 58 0.950 0.16 53 162 411 185 1.00 1.00 200 1.44  0.37 2.37
5 silty sand (ash) 5.00 85 65 0.932 0.17 53 162 111 180 1.00 1.00 200 1.44  0.29 1.69
6 Ignimbrite 6.40 92 58 0.905 0.20 53 2470
7 M. dense silty sand 7.00 116 72 0.893 0.20 53 185 1.09 201 1.00 1.00 200 1.44 NL
8 M. dense silty sand 8.00 133 79 0.873 0.20 53 190 1.06 201 1.00 1.00 200 1.44 NL
9 M. dense silty sand 9.00 150 86 0.852 0.21 53 192 1.04 199 1.00 1.00 200 1.44  5.07
10 M. dense silty sand 10.00 167 94 0.830 0.21 53 92 1 1.02 195 1.00 1.00 200 1.44 0.95 4.59
11 M. dense silty sand 11.00 184 101 0.809 0.21 53 204 1.00 204 1.00 1.00 200 1.44 NL
12 M. dense silty sand 12.00 201 108 0.787 0.20 53 204 0.98 200 1.00 1.00 200 1.44 NL
13 M. dense silty sand 13.00 218 115 0.766 0.20 53 216 0.97 209 1.00 1.00 200 1.44 NL
14 M. dense silty sand 14.00 235 122 0.744 0.20 53 216 0.95 205 1.00 1.00 200 1.44 NL
15 M. dense silty sand 15.00 252 129 0.724 0.20 53 203 0.94 190 1.00 1.00 200 1.44 051 2.60
16 M. dense silty sand 16.00 269 137 0.703 0.19 53 203 0.92 188 1.00 1.00 200 1.44  0.42 2.18
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M. dense silty sand 17.00 278 141  0.684 0.19 53 224 0.92 205 1.00 1.00 200 1.44 NL
18 M. dense silty sand 18.00 295 148  0.665 0.19 53 230 0.91 208 1.00 1.00 200 1.44 NL
19 M. dense silty sand 19.00 312 155  0.647 0.18 53 240 0.90 215 1.00 1.00 200 1.44 NL
20 M. dense silty sand 20.00 329 162  0.629 0.18 53 244 0.89 216 1.00 1.00 200 1.44 NL
6.8
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 silty sand (ash) 1.00 17 17 0.997 0.14 53 146 615 227 1.00 1.00 200 1.28 NL
2 silty sand (ash) 2.00 34 34 0.985 0.14 53 146 113 191 1.00 1.00 200 1.28 NL
3 silty sand (ash) 3.00 51 51 0.971 0.14 53 146 81.1 173 1.00 1.00 200 1.28 NL
4 silty sand (ash) 4.00 68 58 0.957 0.16 53 162 411 185 1.00 1.00 200 1.28 0.33 2.09
5 silty sand (ash) 5.00 85 65 0.941 0.17 53 162 111 180 1.00 1.00 200 1.28 0.26 1.49
6 Ignimbrite 6.40 92 58 0.917 0.20 53 2470
7 M. dense silty sand 7.00 116 72 0.906 0.20 53 185 1.09 201 1.00 1.00 200 1.28 NL
8 M. dense silty sand 8.00 133 79 0.888 0.21 53 190 1.06 201 1.00 1.00 200 1.28 NL
9 M. dense silty sand 9.00 150 86 0.869 0.21 53 192 1.04 199 1.00 1.00 200 1.28 4.52 21.49
10 M. dense silty sand 10.00 167 94 0.850 0.21 53 92 1 1.02 195 1.00 1.00 200 1.28 0.85 4.00
11 M. dense silty sand 11.00 184 101 0.830 0.21 53 204 1.00 204 1.00 1.00 200 1.28 NL
12 M. dense silty sand 12.00 201 108 0.810 0.21 53 204 0.98 200 1.00 1.00 200 1.28 NL
13 M. dense silty sand 13.00 218 115 0.791 0.21 53 216 0.97 209 1.00 1.00 200 1.28 NL
14 M. dense silty sand 14.00 235 122 0.771 0.21 53 216 0.95 205 1.00 1.00 200 1.28 NL
15 M. dense silty sand 15.00 252 129  0.752 0.20 53 203 0.94 190 1.00 1.00 200 1.28 0.46 2.23
16 M. dense silty sand 16.00 269 137 0.733 0.20 53 203 0.92 188 1.00 1.00 200 1.28 0.38 1.86
17 M. dense silty sand 17.00 278 141 0.715 0.20 53 224 0.92 205 1.00 1.00 200 1.28 NL
18 M. dense silty sand 18.00 295 148  0.697 0.19 53 230 0.91 208 1.00 1.00 200 1.28 NL
19 M. dense silty sand 19.00 312 155  0.680 0.19 53 240 0.90 215 1.00 1.00 200 1.28 NL
20 M. dense silty sand 20.00 329 162  0.663 0.19 53 244 0.89 216 1.00 1.00 200 1.28 NL
Mw= 7.0
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 silty sand (ash) 1.00 17 17 0.998 0.14 53 146 615 227 1.00 1.00 200 1.19 NL
2 silty sand (ash) 2.00 34 34 0.987 0.14 53 146 113 191 1.00 1.00 200 1.19 NL
3 silty sand (ash) 3.00 51 51 0.974 0.14 53 146 81.1 173 1.00 1.00 200 1.19 NL
4 silty sand (ash) 4.00 68 58 0.961 0.16 53 162 411 185 1.00 1.00 200 1.19 0.30 1.93
5 silty sand (ash) 5.00 85 65 0.946 0.17 53 162 111 180 1.00 1.00 200 1.19 0.24 1.38
6 Ignimbrite 6.40 92 58 0.925 0.20 53 2470
7 M. dense silty sand 7.00 116 72 0.915 0.21 53 185 1.09 201 1.00 1.00 200 1.19 NL
8 M. dense silty sand 8.00 133 79 0.898 0.21 53 190 1.06 201 1.00 1.00 200 1.19 NL
9 M. dense silty sand 9.00 150 86 0.880 0.21 53 192 1.04 199 1.00 1.00 200 1.19 4.20
10 M. dense silty sand 10.00 167 94 0.863 0.21 53 92 1 1.02 195 1.00 1.00 200 1.19 0.79 3.66
11 M. dense silty sand 11.00 184 101 0.844 0.22 53 204 1.00 204 1.00 1.00 200 1.19 NL
12 M. dense silty sand 12.00 201 108 0.826 0.21 53 204 0.98 200 1.00 1.00 200 1.19 NL
13 M. dense silty sand 13.00 218 115 0.808 0.21 53 216 0.97 209 1.00 1.00 200 1.19 NL
14 M. dense silty sand 14.00 235 122 0.789 0.21 53 216 0.95 205 1.00 1.00 200 1.19 NL
15 M. dense silty sand 15.00 252 129 0.771 0.21 53 203 0.94 190 1.00 1.00 200 1.19 0.42 2.02




16 M. dense silty sand 16.00 269 137 0.754 0.21 53 203 0.92 188 1.00 1.00 200 1.19 0.35 1.68
17 M. dense silty sand 17.00 278 141  0.736 0.20 53 224 0.92 205 1.00 1.00 200 1.19 NL
18 M. dense silty sand 18.00 295 148  0.719 0.20 53 230 0.91 208 1.00 1.00 200 1.19 NL
19 M. dense silty sand 19.00 312 155 0.703 0.20 53 240 0.90 215 1.00 1.00 200 1.19 NL
20 M. dense silty sand 20.00 329 162  0.687 0.19 53 244 0.89 216 1.00 1.00 200 1.19 NL
Mw= 7.2
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1*  MSF CRR FS=
m (m/s) CRR/CSR
1 silty sand (ash) 1.00 17 17 0.998 0.14 53 146 615 227 1.00 1.00 200 1.11 NL
2 silty sand (ash) 2.00 34 34 0.988 0.14 53 146 113 191 1.00 1.00 200 1.11 NL
3 silty sand (ash) 3.00 51 51 0.977 0.14 53 146 811 173 1.00 1.00 200 1.11 NL
4 silty sand (ash) 4.00 68 58 0.965 0.16 53 162 411 185 1.00 1.00 200 1.11 0.28 1.79
5 silty sand (ash) 5.00 85 65 0.952 0.17 53 162 111 180 1.00 1.00 200 1.11 0.22 1.27
6 Ignimbrite 6.40 92 58 0.932 0.20 53 2470
7 M. dense silty sand 7.00 116 72 0.924 0.21 53 185 1.09 201 1.00 1.00 200 1.11 NL
8 M. dense silty sand 8.00 133 79 0.908 0.21 53 190 1.06 201 1.00 1.00 200 1.11 NL
9 M. dense silty sand 9.00 150 86 0.892 0.22 53 192 1.04 199 1.00 1.00 200 1.11 3.91
10 M. dense silty sand 10.00 167 94 0.876 0.22 53 92 1 1.02 195 1.00 1.00 200 111 0.73 3.35
11 M. dense silty sand 11.00 184 101 0.859 0.22 53 204 1.00 204 1.00 1.00 200 1.11 NL
12 M. dense silty sand 12.00 201 108  0.842 0.22 53 204 0.98 200 1.00 1.00 200 1.11 NL
13 M. dense silty sand 13.00 218 115 0.825 0.22 53 216 0.97 209 1.00 1.00 200 1.11 NL
14 M. dense silty sand 14.00 235 122  0.808 0.22 53 216 0.95 205 1.00 1.00 200 1.11 NL
15 M. dense silty sand 15.00 252 129 0.791 0.21 53 203 0.94 190 1.00 1.00 200 1.11 0.39 1.83
16 M. dense silty sand 16.00 269 137  0.775 0.21 53 203 0.92 188 1.00 1.00 200 1.11 0.32 1.52
17 M. dense silty sand 17.00 278 141 0.758 0.21 53 224 0.92 205 1.00 1.00 200 1.11 NL
18 M. dense silty sand 18.00 295 148  0.742 0.21 53 230 0.91 208 1.00 1.00 200 1.11 NL
19 M. dense silty sand 19.00 312 155  0.727 0.20 53 240 0.90 215 1.00 1.00 200 1.11 NL
20 M. dense silty sand 20.00 329 162  0.712 0.20 53 244 0.89 216 1.00 1.00 200 1.11 NL
Table C6 shear wave velocity based analysis oatp8EPDM (amax=0.15g)
Mw= 55
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 | Organic Clayey Silt 0.6 9 9 0.995 0.10 72 95 1.70 162 1.0 1.0 200 2.21 NL
2 | Organic Clayey Silt 1.2 18 18 0.991 0.10 72 95 541. 146 1.0 1.0 200 2.21 NL
3 | Stiff Clayey silt 2.1 34 34 0.984 0.10 72 133 n3 174 1.0 1.0 200 221 NL
4 | Stiff Clayey silt 3 50 50 0.977 0.10 72 133 1.19 158 1.0 1.0 200 2.21 0.24 2.49
5 | Slightly Weath.Tuff 4.5 84 70 0.966 0.11 72 2470 2470 1.0 1.0 200 221 NL
6 | Fresh Welded Tuff 7 146 107  0.946 0.13 72 3172 1723 1.0 1.0 200 2.21 NL
7 | Soft silty sand 8 160 111 0.939 0.13 72 182 0.97 177 1.0 1.0 200 2.21 0.40 3.00
8 | Soft silty sand 9 174 115 0.931 0.14 72 182 0.97 176 1.0 1.0 200 2.21 0.37 2.73
9 | Soft silty sand 10 188 119 0.907 0.14 72 182 0.96 174 1.0 1.0 200 2.21 0.36 2.56
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9 | Soft silty sand 10 188 119  0.830 0.13 72 182 0.96 174 1.0 1.0 200 1.44 0.23 1.82
10| Soft silty sand 11 202 123  0.809 0.13 72 182 509 173 1.0 1.0 200 1.44 0.22 1.74
11 | Soft silty sand 12 216 128  0.787 0.13 72 178 409 167 1.0 1.0 200 1.44 0.19 1.47
12 | Soft silty sand 13 230 132  0.766 0.13 72 175 309 163 1.0 1.0 200 1.44 0.18 1.34
13| Soft silty sand 14 244 136 0.744 0.13 72 197 309 182 1.0 1.0 200 1.44 0.31 2.38
14| Soft silty sand 15 258 140 0.724 0.13 72 177 209 162 1.0 1.0 200 1.44 0.17 1.31
15| Soft silty sand 16 272 144  0.703 0.13 72 190 109 173 1.0 1.0 200 1.44 0.23 1.76
16 | Soft silty sand 17 286 148 0.684 0.13 72 187 10.9 169 1.0 1.0 200 1.44 0.20 1.58
17 | Soft silty sand 18 300 153  0.665 0.13 72 193 009 174 1.0 1.0 200 1.44 0.23 1.80
18 | Soft silty sand 19 314 157  0.647 0.13 72 203 90.8 181 1.0 1.0 200 1.44 0.30 2.36
19 | Soft silty sand 20 328 161  0.629 0.12 72 206 90.8 183 1.0 1.0 200 1.44 0.32 2.59

Mw= 6.8
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR

1 | Organic Clayey Silt 0.6 9 9 1.001 0.10 72 95 1.70 162 1.0 1.0 200 1.28 NL

2 | Organic Clayey Silt 1.2 18 18 0.994 0.10 72 95 541. 146 1.0 1.0 200 1.28 NL

3 | Stiff Clayey silt 2.1 34 34 0.983 0.10 72 133 n3 174 1.0 1.0 200 1.28 NL

4 | Stiff Clayey silt 3 50 50 0.971 0.09 72 133 1.19 158 1.0 1.0 200 1.28 0.14 1.45

5 | Slightly Weath. Tuff 4.5 84 70 0.949 0.11 72 2470 2470 1.0 1.0 200 1.28 NL

6 | Fresh Welded Tuff 7 146 107  0.906 0.12 72 3172 1723 1.0 1.0 200 1.28 NL

7 | Soft silty sand 8 160 111 0.888 0.12 72 182 0.97 177 1.0 1.0 200 1.28 0.23 1.84

8 | Soft silty sand 9 174 115 0.869 0.13 72 182 0.97 176 1.0 1.0 200 1.28 0.22 1.70

9 | Soft silty sand 10 188 119  0.850 0.13 72 182 0.96 174 1.0 1.0 200 1.28 0.21 1.59
10| Soft silty sand 11 202 123  0.830 0.13 72 182 509 173 1.0 1.0 200 1.28 0.20 151
11 | Soft silty sand 12 216 128 0.810 0.13 72 178 409 167 1.0 1.0 200 1.28 0.17 1.28
12 | Soft silty sand 13 230 132 0.791 0.13 72 175 309 163 1.0 1.0 200 1.28 0.16 1.16
13| Soft silty sand 14 244 136 0.771 0.13 72 197 309 182 1.0 1.0 200 1.28 0.28 2.05
14| Soft silty sand 15 258 140 0.752 0.13 72 177 209 162 1.0 1.0 200 1.28 0.15 1.13
15| Soft silty sand 16 272 144  0.733 0.13 72 190 109 173 1.0 1.0 200 1.28 0.20 1.50
16 | Soft silty sand 17 286 148  0.715 0.13 72 187 10.9 169 1.0 1.0 200 1.28 0.18 1.35
17 | Soft silty sand 18 300 153  0.697 0.13 72 193 009 174 1.0 1.0 200 1.28 0.20 1.53
18 | Soft silty sand 19 314 157  0.680 0.13 72 203 90.8 181 1.0 1.0 200 1.28 0.26 2.00
19 | Soft silty sand 20 328 161  0.663 0.13 72 206 90.8 183 1.0 1.0 200 1.28 0.29 2.19

Mw= 7
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2z VS1* MSF CRR FS=
m (m/s) CRR/CSR

1 | Organic Clayey Silt 0.6 9 9 1.001 0.10 72 95 1.70 162 1.0 1.0 200 1.19 NL

2 | Organic Clayey Silt 1.2 18 18 0.995 0.10 72 95 541. 146 1.0 1.0 200 1.19 NL

3 | Stiff Clayey silt 2.1 34 34 0.985 0.10 72 133 n3 174 1.0 1.0 200 1.19 NL

4 | Stiff Clayey silt 3 50 50 0.974 0.09 72 133 1.19 158 1.0 1.0 200 1.19 0.13 1.35

5 | Slightly Weath. Tuff 4.5 84 70 0.954 0.11 72 2470 2470 1.0 1.0 200 1.19 NL

6 | Fresh Welded Tuff 7 146 107  0.915 0.12 72 3172 1723 1.0 1.0 200 1.19 NL

7 | Soft silty sand 8 160 111 0.898 0.13 72 182 0.97 177 1.0 1.0 200 1.19 0.21 1.69




8 | Soft silty sand 9 174 115 0.880 0.13 72 182 0.97 176 1.0 1.0 200 1.19 0.20 1.56
9 | Soft silty sand 10 188 119  0.863 0.13 72 182 0.96 174 1.0 1.0 200 1.19 0.19 1.45
10| Soft silty sand 11 202 123 0.844 0.13 72 182 509 173 1.0 1.0 200 1.19 0.19 1.38
11 | Soft silty sand 12 216 128  0.826 0.14 72 178 409 167 1.0 1.0 200 1.19 0.16 1.16
12 | Soft silty sand 13 230 132 0.808 0.14 72 175 309 163 1.0 1.0 200 1.19 0.14 1.05
13| Soft silty sand 14 244 136  0.789 0.14 72 197 309 182 1.0 1.0 200 1.19 0.26 1.86
14| Soft silty sand 15 258 140 0.771 0.14 72 177 209 162 1.0 1.0 200 1.19 0.14 1.02
15| Soft silty sand 16 272 144  0.754 0.14 72 190 109 173 1.0 1.0 200 1.19 0.19 1.36
16 | Soft silty sand 17 286 148 0.736 0.14 72 187 10.9 169 1.0 1.0 200 1.19 0.17 1.21
17 | Soft silty sand 18 300 153 0.719 0.14 72 193 009 174 1.0 1.0 200 1.19 0.19 1.38
18 | Soft silty sand 19 314 157  0.703 0.14 72 203 90.8 181 1.0 1.0 200 1.19 0.25 1.79
19 | Soft silty sand 20 328 161  0.687 0.14 72 206 90.8 183 1.0 1.0 200 1.19 0.27 1.97
Mw= 7.2
Layer #| Layer Name Depth, ov o'V rd CSR FC,% Vs rec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
m (m/s) CRR/CSR
1 | Organic Clayey Silt 0.6 9 9 1.002 0.10 72 95 1.70 162 1.0 1.0 200 1.11 NL
2 | Organic Clayey Silt 1.2 18 18 0.996 0.10 72 95 541. 146 1.0 1.0 200 1.11 NL
3 | Stiff Clayey silt 2.1 34 34 0.987 0.10 72 133 n3 174 1.0 1.0 200 1.11 NL
4 | Stiff Clayey silt 3 50 50 0.977 0.10 72 133 1.19 158 1.0 1.0 200 1.11 0.12 1.25
5 | Slightly Weath. Tuff 4.5 84 70 0.959 0.11 72 2470 2470 1.0 1.0 200 1.11 NL
6 | Fresh Welded Tuff 7 146 107 0.924 0.12 72 3172 1723 1.0 1.0 200 1.11 NL
7 | Soft silty sand 8 160 111 0.908 0.13 72 182 0.97 177 1.0 1.0 200 1.11 0.20 1.56
8 | Soft silty sand 9 174 115 0.892 0.13 72 182 0.97 176 1.0 1.0 200 1.11 0.19 1.43
9 | Soft silty sand 10 188 119 0.876 0.13 72 182 0.96 174 1.0 1.0 200 1.11 0.18 1.33
10| Soft silty sand 11 202 123  0.859 0.14 72 182 509 173 1.0 1.0 200 1.11 0.17 1.26
11 | Soft silty sand 12 216 128 0.842 0.14 72 178 409 167 1.0 1.0 200 111 0.15 1.06
12 | Soft silty sand 13 230 132 0.825 0.14 72 175 309 163 1.0 1.0 200 1.11 0.13 0.96
13| Soft silty sand 14 244 136  0.808 0.14 72 197 309 182 1.0 1.0 200 1.11 0.24 1.69
14| Soft silty sand 15 258 140 0.791 0.14 72 177 20.9 162 1.0 1.0 200 111 0.13 0.92
15| Soft silty sand 16 272 144  0.775 0.14 72 190 109 173 1.0 1.0 200 1.11 0.17 1.23
16 | Soft silty sand 17 286 148  0.758 0.14 72 187 10.9 169 1.0 1.0 200 1.11 0.16 1.10
17 | Soft silty sand 18 300 153 0.742 0.14 72 193 009 174 1.0 1.0 200 1.11 0.18 1.24
18 | Soft silty sand 19 314 157  0.727 0.14 72 203 90.8 181 1.0 1.0 200 1.11 0.23 1.61
19 | Soft silty sand 20 328 161 0.712 0.14 72 206 90.8 183 1.0 1.0 200 1.11 0.25 1.77




Table C7 to Table C10 are the output of shear walecity simplified procedure (Andrus and stoke 200rhe analyses were performed with geophysicalesumeasured subsurface data
reported in Chapter Three.

Table C7. Shear wave velocity based analysis oatpAmora-Gedel (amax=0.279)

Mw= 55
Layer | Layer Name Depth, m ov o'V rd CSR FC, % Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 221 NL
2 Loose silty sand 2.0 37 37 0.969 0.17 65 139 1.29 179 1.0 1.0 200 221 NL
3 Loose silty sand 3.3 60 60 0.937 0.16 65 139 1.13 158 1.0 1.0 200 221 NL
4 Ignimbrite 6.4 136 108  0.850 0.19 3035 1.0 NL
5 M. dense silty sand 7.0 147 114  0.832 0.19 65 322 0.97 312 1.0 1.0 200 221 NL
6 M. dense silty sand 8.0 167 124  0.802 0.19 65 397 0.95 376 1.0 1.0 200 221 NL
7 M. dense silty sand 9.0 186 133 0.771 0.19 65 397 0.93 369 1.0 1.0 200 221 NL
8 M. dense silty sand 10.0 206 143 0.741 0.19 65 739 091 363 1.0 1.0 200 2.21 NL
9 M. dense silty sand 11.0 225 153 0.710 0.18 65 8 49 0.90 448 1.0 1.0 200 2.21 NL
10 M. dense silty sand 12.0 245 163 0.681 0.18 65 98 4 0.89 441 1.0 1.0 200 2.21 NL
11 M. dense silty sand 13.0 265 173 0.652 0.18 65 22 5 0.87 455 1.0 1.0 200 2.21 NL
12 M. dense silty sand 14.0 285 183 0.624 0.17 65 22 5 0.86 449 1.0 1.0 200 2.21 NL
13 M. dense silty sand 15.0 305 193 0.597 0.17 65 22 5 0.85 443 1.0 1.0 200 2.21 NL
Mw= 6
Layer | Layer Name Depth, m ov o'V rd CSR FC,% Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 1.77 NL
2 Loose silty sand 2.0 37 37 0.978 0.17 65 139 1.29 179 1.0 1.0 200 1.77 NL
3 Loose silty sand 3.3 60 60 0.954 0.17 65 139 1.13 158 1.0 1.0 200 1.77 NL
4 Ignimbrite 6.4 136 108  0.887 0.20 3035 1.0 NL
5 M. dense silty sand 7.0 147 114  0.873 0.20 65 322 0.97 312 1.0 1.0 200 1.77 NL
6 M. dense silty sand 8.0 167 124  0.848 0.20 65 397 0.95 376 1.0 1.0 200 1.77 NL
7 M. dense silty sand 9.0 186 133 0.824 0.20 65 397 0.93 369 1.0 1.0 200 1.77 NL
8 M. dense silty sand 10.0 206 143 0.799 0.20 65 739 0091 363 1.0 1.0 200 1.77 NL
9 M. dense silty sand 11.0 225 153 0.774 0.20 65 8 49 0.90 448 1.0 1.0 200 1.77 NL
10 M. dense silty sand 12.0 245 163 0.750 0.20 65 98 4 0.89 441 1.0 1.0 200 1.77 NL
11 M. dense silty sand 13.0 265 173 0.726 0.20 65 22 5 0.87 455 1.0 1.0 200 1.77 NL
12 M. dense silty sand 14.0 285 183 0.702 0.19 65 22 5 0.86 449 1.0 1.0 200 1.77 NL
13 M. dense silty sand 15.0 305 193 0.679 0.19 65 22 5 0.85 443 1.0 1.0 200 1.77 NL
Mw= 6.5
Layer | Layer Name Depth, m ov o'V rd CSR FC, % Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 1.44 NL
2 Loose silty sand 2.0 37 37 0.982 0.17 65 139 1.29 179 1.0 1.0 200 1.44 NL
3 Loose silty sand 3.3 60 60 0.962 0.17 65 139 1.13 158 1.0 1.0 200 1.44 NL
4 Ignimbrite 6.4 136 108  0.905 0.20 3035 1.0 NL




5 M. dense silty sand 7.0 147 114  0.893 0.20 65 322 0.97 312 1.0 1.0 200 1.44 NL
6 M. dense silty sand 8.0 167 124  0.873 0.21 65 397 0.95 376 1.0 1.0 200 1.44 NL
7 M. dense silty sand 9.0 186 133 0.852 0.21 65 397 0.93 369 1.0 1.0 200 1.44 NL
8 M. dense silty sand 10.0 206 143 0.830 0.21 65 739 0091 363 1.0 1.0 200 1.44 NL
9 M. dense silty sand 11.0 225 153 0.809 0.21 65 8 49 0.90 448 1.0 1.0 200 1.44 NL
10 M. dense silty sand 12.0 245 163 0.787 0.21 65 98 4 0.89 441 1.0 1.0 200 1.44 NL
11 M. dense silty sand 13.0 265 173 0.766 0.21 65 22 5 0.87 455 1.0 1.0 200 1.44 NL
12 M. dense silty sand 14.0 285 183 0.744 0.20 65 22 5 0.86 449 1.0 1.0 200 1.44 NL
13 M. dense silty sand 15.0 305 193 0.724 0.20 65 22 5 0.85 443 1.0 1.0 200 1.44 NL
Mw= 6.8
Layer | Layer Name Depth, m ov o'V rd CSR FC, % Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 1.28 NL
2 Loose silty sand 2.0 37 37 0.985 0.17 65 139 1.29 179 1.0 1.0 200 1.28 NL
3 Loose silty sand 3.3 60 60 0.967 0.17 65 139 1.13 158 1.0 1.0 200 1.28 NL
4 Ignimbrite 6.4 136 108  0.917 0.20 3035 1.0 281 NL
5 M. dense silty sand 7.0 147 114  0.906 0.21 65 322 0.97 312 1.0 1.0 200 1.28 NL
6 M. dense silty sand 8.0 167 124  0.888 0.21 65 397 0.95 376 1.0 1.0 200 1.28 NL
7 M. dense silty sand 9.0 186 133 0.869 0.21 65 397 0.93 369 1.0 1.0 200 1.28 NL
8 M. dense silty sand 10.0 206 143 0.850 0.21 65 7 39 0091 363 1.0 1.0 200 1.28 NL
9 M. dense silty sand 11.0 225 153 0.830 0.21 65 8 49 0.90 448 1.0 1.0 200 1.28 NL
10 M. dense silty sand 12.0 245 163 0.810 0.21 65 98 4 0.89 441 1.0 1.0 200 1.28 NL
11 M. dense silty sand 13.0 265 173 0.791 0.21 65 22 5 0.87 455 1.0 1.0 200 1.28 NL
12 M. dense silty sand 14.0 285 183 0.771 0.21 65 22 5 0.86 449 1.0 1.0 200 1.28 NL
13 M. dense silty sand 15.0 305 193 0.752 0.21 65 22 5 0.85 443 1.0 1.0 200 1.28 NL
Mw= 7
Layer | Layer Name Depth, m ov o'V rd CSR FC,% Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 1.19 NL
2 Loose silty sand 2.0 37 37 0.987 0.17 65 139 1.29 179 1.0 1.0 200 1.19 NL
3 Loose silty sand 3.3 60 60 0.970 0.17 65 139 1.13 158 1.0 1.0 200 1.19 NL
4 Ignimbrite 6.4 136 108  0.925 0.20 3035 1.0 191 NL
5 M. dense silty sand 7.0 147 114  0.915 0.21 65 322 0.97 312 1.0 1.0 200 1.19 NL
6 M. dense silty sand 8.0 167 124  0.898 0.21 65 397 0.95 376 1.0 1.0 200 1.19 NL
7 M. dense silty sand 9.0 186 133 0.880 0.22 65 397 0.93 369 1.0 1.0 200 1.19 NL
8 M. dense silty sand 10.0 206 143 0.863 0.22 65 739 0091 363 1.0 1.0 200 1.19 NL
9 M. dense silty sand 11.0 225 153 0.844 0.22 65 8 49 0.90 448 1.0 1.0 200 1.19 NL
10 M. dense silty sand 12.0 245 163 0.826 0.22 65 98 4 0.89 441 1.0 1.0 200 1.19 NL
11 M. dense silty sand 13.0 265 173 0.808 0.22 65 22 5 0.87 455 1.0 1.0 200 1.19 NL
12 M. dense silty sand 14.0 285 183 0.789 0.22 65 22 5 0.86 449 1.0 1.0 200 1.19 NL
13 M. dense silty sand 15.0 305 193 0.771 0.21 65 22 5 0.85 443 1.0 1.0 200 1.19 NL
Mw= 7.2
Layer | Layer Name Depth, m ov o'V rd CSR FC, % Vsrec. CN Vsl Kal Ka2 VS1* MSF CRR FS=
# (m/sec) CRR/CSR
1 Loose silty sand 1.0 18 18 1.000 0.18 65 139 1.53 213 1.0 1.0 200 1.11 NL




2 Loose silty sand 2.0 37 37 0.988 0.17 65 139 1.29 179 1.0 1.0 200 111 NL
3 Loose silty sand 3.3 60 60 0.974 0.17 65 139 1.13 158 1.0 1.0 200 1.11 NL
4 Ignimbrite 6.4 136 108 0.932 0.21 3035 1.0 111 NL
5 M. dense silty sand 7.0 147 114 0924 0.21 65 322 0.97 312 1.0 1.0 200 1.11 NL
6 M. dense silty sand 8.0 167 124  0.908 0.21 65 397 0.95 376 1.0 1.0 200 1.11 NL
7 M. dense silty sand 9.0 186 133 0.892 0.22 65 397 0.93 369 1.0 1.0 200 1.11 NL
8 M. dense silty sand 10.0 206 143 0.876 0.22 65 739 091 363 1.0 1.0 200 111 NL
9 M. dense silty sand 11.0 225 153 0.859 0.22 65 8 49 0.90 448 1.0 1.0 200 111 NL
10 M. dense silty sand 12.0 245 163 0.842 0.22 65 98 4 0.89 441 1.0 1.0 200 111 NL
11 M. dense silty sand 13.0 265 173 0.825 0.22 65 22 5 0.87 455 1.0 1.0 200 111 NL
12 M. dense silty sand 14.0 285 183 0.808 0.22 65 22 5 0.86 449 1.0 1.0 200 111 NL
13 M. dense silty sand 15.0 305 193 0.791 0.22 65 22 5 0.85 443 1.0 1.0 200 1.11 NL
Table C8. Shear wave velocity based analysis owtptP (seismic sur.) (amax=0.235g)
55
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Kaz VS1* MSF CRR FS=
# (m/S) CRR/CSR
1 Silty Sand 1 13 13 0.991 0.15 53 121 1.67 202 0 1.1.0 200 2.21 NL
2 Silty Sand 2 26 26 0.969 0.15 53 131 1.40 183 0 1. 1.0 200 2.21 NL
3 Silty Sand 3 41 41 0.945 0.14 53 153 1.25 192 0 1. 1.0 200 2.21 NL
4 Silty Sand 4 55 55 0919 0.14 53 164 1.16 190 0 1. 1.0 200 2.21 NL
5 Silty Sand 5 69 69 0.891 0.14 53 175 1.10 192 0 1. 1.0 200 2.21 NL
6 Silty Sand 6 84 84 0.862 0.13 53 186 1.05 194 0 1. 1.0 200 2.21 NL
7 Silty Sand 7 98 98 0.832 0.13 53 197 1.01 198 0 1. 1.0 200 2.21 NL
8 Silty Sand 8 112 112 0.802 0.12 53 208 0.97 2021.0 1.0 200 221 NL
9 Silty Sand 9 126 126 0.771 0.12 53 219 0.94 2061.0 1.0 200 221 NL
10 Silty Sand 10 141 141 0.741 0.11 53 230 092 121 1.0 1.0 200 2.21 NL
11 Silty Sand 11 155 145 0.710 0.12 53 240 091 921 10 1.0 200 2.21 NL
12 Silty Sand 12 169 150 0.681 0.12 53 240 090 721 1.0 1.0 200 2.21 NL
13 Silty Sand 13 184 154 0.652 0.12 53 251 090 522 1.0 1.0 200 2.21 NL
14 Silty Sand 14 198 159 0.624 0.12 53 262 089 423 1.0 1.0 200 2.21 NL
15 Silty Sand 15 212 163 0597 0.12 53 273 088 224 1.0 1.0 200 2.21 NL
16 Silty Sand 16 226 168 0572 0.12 53 284 088 025 1.0 1.0 200 2.21 NL
17 Silty Sand 17 241 172 0547 0.12 53 295 087 825 1.0 1.0 200 2.21 NL
18 Silty Sand 18 255 177 0525 0.12 53 316 087 4 27 1.0 1.0 200 2.21 NL
19 Silty Sand 19 269 181 0.503 0.11 53 267 086 0 23 1.0 1.0 200 2.21 NL
20 Silty Sand 20 284 185 0.483 0.11 53 271 086 2 23 1.0 1.0 200 2.21 NL
6
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Ka2z VS1* MSF CRR FS=
# (m/S) CRR/CSR
1 Silty Sand 1 13 13 0.994 0.15 53 121 1.67 202 0 1.1.0 200 1.77 NL
2 Silty Sand 2 26 26 0.978 0.15 53 131 1.40 183 0 1. 1.0 200 1.77 NL




3 Silty Sand 3 41 41 0.959 0.15 53 153 1.25 192 0 1. 1.0 200 1.77 NL
4 Silty Sand 4 55 55 0.940 0.14 53 164 1.16 190 0 1. 1.0 200 1.77 NL
5 Silty Sand 5 69 69 0.918 0.14 53 175 1.10 192 0 1. 1.0 200 1.77 NL
6 Silty Sand 6 84 84 0.896 0.14 53 186 1.05 194 0 1.10 200 1.77 NL
7 Silty Sand 7 98 98 0.873 0.13 53 197 1.01 198 0 1. 1.0 200 1.77 NL
8 Silty Sand 8 112 112 0.848 0.13 53 208 0.97 2021.0 1.0 200 1.77 NL
9 Silty Sand 9 126 126 0.824 0.13 53 219 0.94 2061.0 1.0 200 1.77 NL
10 Silty Sand 10 141 141 0.799 0.12 53 230 092 121 1.0 1.0 200 1.77 NL
11 Silty Sand 11 155 145 0.774 0.13 53 240 091 921 1.0 1.0 200 1.77 NL
12 Silty Sand 12 169 150 0.750 0.13 53 240 090 721 1.0 1.0 200 1.77 NL
13 Silty Sand 13 184 154 0.726 0.13 53 251 090 522 1.0 1.0 200 1.77 NL
14 Silty Sand 14 198 159 0.702 0.13 53 262 089 4 23 1.0 1.0 200 1.77 NL
15 Silty Sand 15 212 163 0.679 0.13 53 273 088 224 1.0 1.0 200 1.77 NL
16 Silty Sand 16 226 168 0.656 0.14 53 284 088 025 1.0 1.0 200 1.77 NL
17 Silty Sand 17 241 172 0.635 0.14 53 295 087 825 1.0 1.0 200 1.77 NL
18 Silty Sand 18 255 177 0.614 0.14 53 316 087 427 1.0 1.0 200 1.77 NL
19 Silty Sand 19 269 181 0595 0.14 53 267 086 0 23 1.0 1.0 200 1.77 NL
20 Silty Sand 20 284 185 0576 0.13 53 271 086 2 23 1.0 1.0 200 1.77 NL
Mw= 6.5
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Ka2z VS1* MSF CRR FS=
# (m/S) CRR/CSR
1 Silty Sand 1 13 13 0.996 0.15 53 121 1.67 202 0 1.1.0 200 1.44 NL
2 Silty Sand 2 26 26 0.982 0.15 53 131 1.40 183 0 1. 1.0 200 1.44 NL
3 Silty Sand 3 41 41 0.967 0.15 53 153 1.25 192 0 1. 1.0 200 1.44 NL
4 Silty Sand 4 55 55 0.950 0.15 53 164 1.16 190 0 1. 1.0 200 1.44 NL
5 Silty Sand 5 69 69 0.932 0.14 53 175 1.10 192 0 1. 1.0 200 1.44 NL
6 Silty Sand 6 84 84 0913 0.14 53 186 1.05 194 0 1. 1.0 200 1.44 NL
7 Silty Sand 7 98 98 0.893 0.14 53 197 1.01 198 0 1. 1.0 200 1.44 NL
8 Silty Sand 8 112 112 0.873 0.13 53 208 0.97 2021.0 1.0 200 1.44 NL
9 Silty Sand 9 126 126 0.852 0.13 53 219 0.94 206 1.0 1.0 200 1.44 NL
10 Silty Sand 10 141 141 0.830 0.13 53 230 092 121 1.0 1.0 200 1.44 NL
11 Silty Sand 11 155 145 0.809 0.13 53 240 091 921 1.0 1.0 200 1.44 NL
12 Silty Sand 12 169 150 0.787 0.14 53 240 090 721 1.0 1.0 200 1.44 NL
13 Silty Sand 13 184 154 0.766 0.14 53 251 090 522 1.0 1.0 200 1.44 NL
14 Silty Sand 14 198 159 0.744 0.14 53 262 089 423 1.0 1.0 200 1.44 NL
15 Silty Sand 15 212 163 0.724 0.14 53 273 088 224 1.0 1.0 200 1.44 NL
16 Silty Sand 16 226 168 0.703 0.15 53 284 088 025 1.0 1.0 200 1.44 NL
17 Silty Sand 17 241 172 0.684 0.15 53 295 087 825 1.0 1.0 200 1.44 NL
18 Silty Sand 18 255 177 0.665 0.15 53 316 087 427 1.0 1.0 200 1.44 NL
19 Silty Sand 19 269 181 0.647 0.15 53 267 086 0 23 1.0 1.0 200 1.44 NL
20 Silty Sand 20 284 185 0.629 0.15 53 271 086 2 23 1.0 1.0 200 1.44 NL
Mw= 6.8
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Kaz VS1* MSF CRR FS=
# (m/S) CRR/CSR
1 Silty Sand 1 13 13 0.997 0.15 53 121 1.67 202 0 1. 1.0 200 1.28 NL




2 Silty Sand 2 26 26 0.985 0.15 53 131 1.40 183 0 1. 1.0 200 1.28 NL
3 Silty Sand 3 41 41 0971 0.15 53 153 1.25 192 0 1. 1.0 200 1.28 NL
4 Silty Sand 4 55 55 0.957 0.15 53 164 1.16 190 0 1. 1.0 200 1.28 NL
5 Silty Sand 5 69 69 0941 0.14 53 175 1.10 192 0 1. 1.0 200 1.28 NL
6 Silty Sand 6 84 84 0.924 0.14 53 186 1.05 194 0 1. 10 200 1.28 NL
7 Silty Sand 7 98 98 0.906 0.14 53 197 1.01 198 0 1. 1.0 200 1.28 NL
8 Silty Sand 8 112 112 0.888 0.14 53 208 0.97 2021.0 1.0 200 1.28 NL
9 Silty Sand 9 126 126 0.869 0.13 53 219 0.94 2061.0 1.0 200 1.28 NL
10 Silty Sand 10 141 141 0.850 0.13 53 230 092 121 1.0 1.0 200 1.28 NL
11 Silty Sand 11 155 145 0.830 0.14 53 240 091 921 1.0 1.0 200 1.28 NL
12 Silty Sand 12 169 150 0.810 0.14 53 240 090 721 1.0 1.0 200 1.28 NL
13 Silty Sand 13 184 154 0.791 0.14 53 251 090 522 1.0 1.0 200 1.28 NL
14 Silty Sand 14 198 159 0.771 0.15 53 262 089 423 1.0 1.0 200 1.28 NL
15 Silty Sand 15 212 163 0.752 0.15 53 273 088 224 1.0 1.0 200 1.28 NL
16 Silty Sand 16 226 168 0.733 0.15 53 284 088 025 1.0 1.0 200 1.28 NL
17 Silty Sand 17 241 172 0.715 0.15 53 295 087 825 1.0 1.0 200 1.28 NL
18 Silty Sand 18 255 177 0.697 0.15 53 316 087 427 1.0 1.0 200 1.28 NL
19 Silty Sand 19 269 181 0.680 0.15 53 267 086 0 23 1.0 1.0 200 1.28 NL
20 Silty Sand 20 284 185 0.663 0.15 53 271 086 2 23 1.0 1.0 200 1.28 NL
Mw= 7.0
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Ka2z VS1* MSF CRR FS=
# (m/S) CRR/CSR
1 Silty Sand 1 13 13 0.997 0.15 53 121 1.67 202 0 1.1.0 200 1.19 NL
2 Silty Sand 2 26 26 0.987 0.15 53 131 1.40 183 0 1. 1.0 200 1.19 NL
3 Silty Sand 3 41 41 0.974 0.15 53 153 1.25 192 0 1. 1.0 200 1.19 NL
4 Silty Sand 4 55 55 0.961 0.15 53 164 1.16 190 0 1. 1.0 200 1.19 NL
5 Silty Sand 5 69 69 0.946 0.14 53 175 1.10 192 0 1. 1.0 200 1.19 NL
6 Silty Sand 6 84 84 0931 0.14 53 186 1.05 194 0 1.1.0 200 1.19 NL
7 Silty Sand 7 98 98 0915 0.14 53 197 1.01 198 0 1. 1.0 200 1.19 NL
8 Silty Sand 8 112 112 0.898 0.14 53 208 0.97 2021.0 1.0 200 1.19 NL
9 Silty Sand 9 126 126 0.880 0.13 53 219 0.94 2061.0 1.0 200 1.19 NL
10 Silty Sand 10 141 141 0.863 0.13 53 230 092 121 1.0 1.0 200 1.19 NL
11 Silty Sand 11 155 145 0.844 0.14 53 240 091 921 1.0 1.0 200 1.19 NL
12 Silty Sand 12 169 150 0.826 0.14 53 240 090 721 1.0 1.0 200 1.19 NL
13 Silty Sand 13 184 154 0.808 0.15 53 251 090 522 1.0 1.0 200 1.19 NL
14 Silty Sand 14 198 159 0.789 0.15 53 262 089 423 1.0 1.0 200 1.19 NL
15 Silty Sand 15 212 163 0.771 0.15 53 273 088 224 1.0 1.0 200 1.19 NL
16 Silty Sand 16 226 168 0.754 0.16 53 284 088 025 1.0 1.0 200 1.19 NL
17 Silty Sand 17 241 172 0.736 0.16 53 295 087 825 1.0 1.0 200 1.19 NL
18 Silty Sand 18 255 177 0.719 0.16 53 316 087 427 1.0 1.0 200 1.19 NL
19 Silty Sand 19 269 181 0.703 0.16 53 267 086 0 23 1.0 1.0 200 1.19 NL
20 Silty Sand 20 284 185 0.687 0.16 53 271 086 2 23 1.0 1.0 200 1.19 NL
Mw= 7.2
Layer | Layer Name Depthm ov o'V rd CSR FC ,% Vs Rec. CN Vsl Kal Ka2z VS1* MSF CRR FS=
# (m/S) CRR/CSR




1 Silty Sand 1 13 13 0.998 0.15 53 121 1.67 202 0 1.1.0 200 1.11 NL
2 Silty Sand 2 26 26 0988 0.15 53 131 1.40 183 0 1. 1.0 200 1.11 NL
3 Silty Sand 3 41 41 0977 0.15 53 153 1.25 192 0 1. 1.0 200 1.11 NL
4 Silty Sand 4 55 55 0.965 0.15 53 164 1.16 190 0 1. 1.0 200 1.11 NL
5 Silty Sand 5 69 69 0952 0.15 53 175 1.10 192 0 1. 1.0 200 1.11 NL
6 Silty Sand 6 84 84 0938 0.14 53 186 1.05 194 0 1. 1.0 200 1.11 NL
7 Silty Sand 7 98 98 0.924 0.14 53 197 1.01 198 0 1. 1.0 200 1.11 NL
8 Silty Sand 8 112 112 0.908 0.14 53 208 0.97 2021.0 1.0 200 1.11 NL
9 Silty Sand 9 126 126 0.892 0.14 53 219 0.94 206 1.0 1.0 200 1.11 NL
10 Silty Sand 10 141 141 0.876 0.13 53 230 092 121 1.0 1.0 200 1.11 NL
11 Silty Sand 11 155 145 0.859 0.14 53 240 091 921 1.0 1.0 200 1.11 NL
12 Silty Sand 12 169 150 0.842 0.15 53 240 090 721 1.0 1.0 200 1.11 NL
13 Silty Sand 13 184 154 0.825 0.15 53 251 090 522 1.0 1.0 200 1.11 NL
14 Silty Sand 14 198 159 0.808 0.15 53 262 089 4 23 1.0 1.0 200 1.11 NL
15 Silty Sand 15 212 163 0.791 0.16 53 273 088 224 1.0 1.0 200 1.11 NL
16 Silty Sand 16 226 168 0.775 0.16 53 284 088 025 1.0 1.0 200 1.11 NL
17 Silty Sand 17 241 172 0.758 0.16 53 295 087 825 1.0 1.0 200 1.11 NL
18 Silty Sand 18 255 177 0.742 0.16 53 316 087 427 1.0 1.0 200 1.11 NL
19 Silty Sand 19 269 181 0.727 0.17 53 267 086 023 1.0 1.0 200 1.11 NL
20 Silty Sand 20 284 185 0.712 0.17 53 271 086 2 23 1.0 1.0 200 1.11 NL
Table C9. Shear wave velocity based analysis owtpAgricultural College (amax=0.215g)
Mw= 5.5
Layer #| Layer Name Depth, m ov o'V rd CSR FC,% Vs, Rec. (m/s) CN Vsl Kal Ka2z VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 143 615 223 1.0 1.0 200 2.21 NL
2 silty sand (ash) 2.00 34 34 0969 0.14 53 143 113 187 1.0 1.0 200 2.21 NL
3 silty sand (ash) 3.00 51 51 0.945 0.13 53 143 811 169 1.0 1.0 200 2.21 NL
4 silty sand (ash) 4.00 68 58 0.919 0.15 53 153 41.1 175 1.0 1.0 200 221 037 2.45
5 silty sand (ash) 5.00 85 65 0.891 0.16 53 163 111 181 1.0 1.0 200 221 0.46 2.84
6 Ignimbrite 6.40 92 58 0.850 0.19 53 2470 1.0 0 1.
7 M. dense silty sand 7.00 116 72 0832 0.19 53 203 1.09 220 1.0 1.0 200 221 NL
8 M. dense silty sand 8.00 133 79 0802 0.19 53 233 1.06 247 1.0 1.0 200 221 NL
9 M. dense silty sand 9.00 150 86 0.771 0.19 53 294  1.04 305 1.0 1.0 200 2.21 NL
10 M. dense silty sand 10.00 167 94 0.741 0.18 53 24 3 1.02 329 1.0 1.0 200 2.21 NL
11 M. dense silty sand 11.00 184 101 0.710 0.18 53 354 1.00 353 1.0 1.0 200 2.21 NL
12 M. dense silty sand 12.00 201 108 0.681 0.18 53 384 0.98 377 1.0 1.0 200 2.21 NL
13 M. dense silty sand 13.00 218 115 0.652 0.17 53 414 0.97 400 1.0 1.0 200 2.21 NL
14 M. dense silty sand 14.00 235 122 0.624 0.7 53 278 0.95 264 1.0 1.0 200 2.21 NL
15 M. dense silty sand 15.00 252 129 0.597 0.16 53 250 0.94 234 1.0 1.0 200 221 NL
16 M. dense silty sand 16.00 269 137 0.572 0.16 53 270 0.92 250 1.0 1.0 200 221 NL
17 M. dense silty sand 17.00 278 141 0.547 0.15 53 279 0.92 256 1.0 1.0 200 2.21 NL
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M. dense silty sand 18.00 295 148 0.525 0.15 53 290 0.91 263 1.0 1.0 200 2.21 NL
19 M. dense silty sand 19.00 312 155 0.503 0.14 53 295 0.90 264 1.0 1.0 200 221 NL
20 M. dense silty sand 20.00 329 162 0.483 0.14 53 307 0.89 272 1.0 1.0 200 221 NL
Mw= 6.0
Layer #| Layer Name Depth, m ov o'V rd CSR FC ,% Vs, Rec. (m/s) CN Vsl Kal Ka2 VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 146 615 227 1.0 1.0 200 1.77 NL
2 silty sand (ash) 2.00 34 34 0978 0.14 53 146 113 191 1.0 1.0 200 1.77 NL
3 silty sand (ash) 3.00 51 51 0.959 0.13 53 146 811 173 1.0 1.0 200 1.77 NL
4 silty sand (ash) 4.00 68 58 0.940 0.15 53 162 41.1 185 1.0 1.0 200 1.77 0.45 2.94
5 silty sand (ash) 5.00 85 65 0918 0.17 53 162 111 180 1.0 1.0 200 1.77 0.35 2.11
6 Ignimbrite 6.40 92 58 0.887 0.19 53 2470 2470 0 1. 1.0 1.77 NL
7 M. dense silty sand 7.00 116 72 0873 0.20 53 185 1.09 201 1.0 1.0 200 1.77 NL
8 M. dense silty sand 8.00 133 79 0848 0.20 53 190 1.06 201 1.0 1.0 200 1.77 NL
9 M. dense silty sand 9.00 150 86 0824 0.20 53 192 1.04 199 1.0 1.0 200 1.77 6.23
10 M. dense silty sand 10.00 167 94 0.799 0.20 53 92 1 1.02 195 1.0 1.0 200 1.77 1.17 5.86
11 M. dense silty sand 11.00 184 101 0.774 0.20 53 204 1.00 204 1.0 1.0 200 1.77 NL
12 M. dense silty sand 12.00 201 108 0.750 0.19 53 204 0.98 200 1.0 1.0 200 1.77 NL
13 M. dense silty sand 13.00 218 115 0.726 0.19 53 216 0.97 209 1.0 1.0 200 1.77 NL
14 M. dense silty sand 14.00 235 122 0.702 0.19 53 216 0.95 205 1.0 1.0 200 1.77 NL
15 M. dense silty sand 15.00 252 129 0.679 0.18 53 203 0.94 190 1.0 1.0 200 1.77 0.63 3.40
16 M. dense silty sand 16.00 269 137 0.656 0.18 53 203 0.92 188 1.0 1.0 200 1.77 0.52 2.87
17 M. dense silty sand 17.00 278 141 0.635 0.18 53 224 0.92 205 1.0 1.0 200 1.77 NL
18 M. dense silty sand 18.00 295 148 0.614 0.17 53 230 0.91 208 1.0 1.0 200 1.77 NL
19 M. dense silty sand 19.00 312 155 0.595 0.17 53 240 0.90 215 1.0 1.0 200 1.77 NL
20 M. dense silty sand 20.00 329 162 0.576 0.16 53 244 0.89 216 1.0 1.0 200 1.77 NL
Mw= 6.5
Layer #| Layer Name Depth, m ov o'V rd CSR FC ,% Vs, Rec. (m/s) CN Vsl Kal Ka2 VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 146 615 227 1.0 1.0 200 1.44 NL
2 silty sand (ash) 2.00 34 34 0982 0.14 53 146 113 191 1.0 1.0 200 1.44 NL
3 silty sand (ash) 3.00 51 51 0.967 0.14 53 146 811 173 1.0 1.0 200 1.44 NL
4 silty sand (ash) 4.00 68 58 0.950 0.16 53 162 41.1 185 1.0 1.0 200 1.44 0.37 2.37
5 silty sand (ash) 5.00 85 65 0932 0.17 53 162 111 180 1.0 1.0 200 1.44 0.29 1.69
6 Ignimbrite 6.40 92 58 0.905 0.20 53 2470 2470 0 1. 1.0 1.44 NL
7 M. dense silty sand 7.00 116 72 0893 0.20 53 185 1.09 201 1.0 1.0 200 1.44 NL
8 M. dense silty sand 8.00 133 79 0873 0.20 53 190 1.06 201 1.0 1.0 200 1.44 NL
9 M. dense silty sand 9.00 150 86 0852 0.21 53 192 1.04 199 1.0 1.0 200 1.44 5.07
10 M. dense silty sand 10.00 167 94 0.830 0.21 53 92 1 1.02 195 1.0 1.0 200 1.44 0.95 4.59
11 M. dense silty sand 11.00 184 101 0.809 0.21 53 204 1.00 204 1.0 1.0 200 1.44 NL
12 M. dense silty sand 12.00 201 108 0.787 0.20 53 204 0.98 200 1.0 1.0 200 1.44 NL
13 M. dense silty sand 13.00 218 115 0.766 0.20 53 216 0.97 209 1.0 1.0 200 1.44 NL
14 M. dense silty sand 14.00 235 122 0.744 0.20 53 216 0.95 205 1.0 1.0 200 1.44 NL
15 M. dense silty sand 15.00 252 129 0.724 0.20 53 203 0.94 190 1.0 1.0 200 1.44 0.51 2.60
16 M. dense silty sand 16.00 269 137 0.703 0.19 53 203 0.92 188 1.0 1.0 200 1.44 0.42 2.18
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M. dense silty sand 17.00 278 141 0.684 0.19 53 224 0.92 205 1.0 1.0 200 1.44 NL
18 M. dense silty sand 18.00 295 148 0.665 0.19 53 230 0.91 208 1.0 1.0 200 1.44 NL
19 M. dense silty sand 19.00 312 155 0.647 0.18 53 240 0.90 215 1.0 1.0 200 1.44 NL
20 M. dense silty sand 20.00 329 162 0.629 0.18 53 244 0.89 216 1.0 1.0 200 1.44 NL
Mw= 6.8
Layer #| Layer Name Depth, m ov o'V rd CSR FC ,% Vs, Rec. (m/s) CN Vsl Kal Ka2 VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 146 615 227 1.0 1.0 200 1.28 NL
2 silty sand (ash) 2.00 34 34 0985 0.14 53 146 113 191 1.0 1.0 200 1.28 NL
3 silty sand (ash) 3.00 51 51 0971 0.14 53 146 811 173 1.0 1.0 200 1.28 NL
4 silty sand (ash) 4.00 68 58 0.957 0.16 53 162 41.1 185 1.0 1.0 200 1.28 0.33 2.09
5 silty sand (ash) 5.00 85 65 0941 0.17 53 162 111 180 1.0 1.0 200 1.28 0.26 1.49
6 Ignimbrite 6.40 92 58 0917 0.20 53 2470 2470 0 1. 1.0 1.28 NL
7 M. dense silty sand 7.00 116 72 0906 0.20 53 185 1.09 201 1.0 1.0 200 1.28 NL
8 M. dense silty sand 8.00 133 79 0888 0.21 53 190 1.06 201 1.0 1.0 200 1.28 NL
9 M. dense silty sand 9.00 150 86 0869 0.21 53 192 1.04 199 1.0 1.0 200 128 452 21.49
10 M. dense silty sand 10.00 167 94 0.850 0.21 53 92 1 1.02 195 1.0 1.0 200 1.28 0.85 4.00
11 M. dense silty sand 11.00 184 101 0.830 0.21 53 204 1.00 204 1.0 1.0 200 1.28 NL
12 M. dense silty sand 12.00 201 108 0.810 0.21 53 204 0.98 200 1.0 1.0 200 1.28 NL
13 M. dense silty sand 13.00 218 115 0.791 0.21 53 216 0.97 209 1.0 1.0 200 1.28 NL
14 M. dense silty sand 14.00 235 122 0.771 0.21 53 216 0.95 205 1.0 1.0 200 1.28 NL
15 M. dense silty sand 15.00 252 129 0.752 0.20 53 203 0.94 190 1.0 1.0 200 1.28 0.46 2.23
16 M. dense silty sand 16.00 269 137 0.733 0.20 53 203 0.92 188 1.0 1.0 200 1.28 0.38 1.86
17 M. dense silty sand 17.00 278 141 0.715 0.20 53 224 0.92 205 1.0 1.0 200 1.28 NL
18 M. dense silty sand 18.00 295 148 0.697 0.19 53 230 0.91 208 1.0 1.0 200 1.28 NL
19 M. dense silty sand 19.00 312 155 0.680 0.19 53 240 0.90 215 1.0 1.0 200 1.28 NL
20 M. dense silty sand 20.00 329 162 0.663 0.19 53 244 0.89 216 1.0 1.0 200 1.28 NL
Mw= 7.0
Layer #| Layer Name Depth, m ov o'V rd CSR FC ,% Vs, Rec. (m/s) CN Vsl Kal Ka2 VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 146 615 227 1.0 1.0 200 1.19 NL
2 silty sand (ash) 2.00 34 34 0987 0.14 53 146 113 191 1.0 1.0 200 1.19 NL
3 silty sand (ash) 3.00 51 51 0.974 0.14 53 146 811 173 1.0 1.0 200 1.19 NL
4 silty sand (ash) 4.00 68 58 0.961 0.16 53 162 41.1 185 1.0 1.0 200 1.19 0.30 1.93
5 silty sand (ash) 5.00 85 65 0946 0.17 53 162 111 180 1.0 1.0 200 1.19 0.24 1.38
6 Ignimbrite 6.40 92 58 0.925 0.20 53 2470 2470 0 1. 1.0 1.19 NL
7 M. dense silty sand 7.00 116 72 0.915 0.21 53 185 1.09 201 1.0 1.0 200 1.19 NL
8 M. dense silty sand 8.00 133 79 0898 0.21 53 190 1.06 201 1.0 1.0 200 1.19 NL
9 M. dense silty sand 9.00 150 86 0880 0.21 53 192 1.04 199 1.0 1.0 200 1.19 4.20
10 M. dense silty sand 10.00 167 94 0.863 0.21 53 92 1 1.02 195 1.0 1.0 200 1.19 0.79 3.66
11 M. dense silty sand 11.00 184 101 0.844 0.22 53 204 1.00 204 1.0 1.0 200 1.19 NL
12 M. dense silty sand 12.00 201 108 0.826 0.21 53 204 0.98 200 1.0 1.0 200 1.19 NL
13 M. dense silty sand 13.00 218 115 0.808 0.21 53 216 0.97 209 1.0 1.0 200 1.19 NL
14 M. dense silty sand 14.00 235 122 0.789 0.21 53 216 0.95 205 1.0 1.0 200 1.19 NL
15 M. dense silty sand 15.00 252 129 0.771 0.21 53 203 0.94 190 1.0 1.0 200 1.19 0.42 2.02




16 M. dense silty sand 16.00 269 137 0.754 0.21 53 203 0.92 188 1.0 1.0 200 1.19 0.35 1.68
17 M. dense silty sand 17.00 278 141 0.736 0.20 53 224 0.92 205 1.0 1.0 200 1.19 NL
18 M. dense silty sand 18.00 295 148 0.719 0.20 53 230 0.91 208 1.0 1.0 200 1.19 NL
19 M. dense silty sand 19.00 312 155 0.703 0.20 53 240 0.90 215 1.0 1.0 200 1.19 NL
20 M. dense silty sand 20.00 329 162 0.687 0.19 53 244 0.89 216 1.0 1.0 200 1.19 NL
Mw= 7.2
Layer #| Layer Name Depth, m ov o'V rd CSR FC,% Vs, Rec. (m/s) CN Vsl Kal Ka2z VSIMSF CRR FS=
CRR/CSR
1 silty sand (ash) 1.00 17 17 1.000 0.14 53 146 615 227 1.0 1.0 200 111 NL
2 silty sand (ash) 2.00 34 34 0988 0.14 53 146 113 191 1.0 1.0 200 111 NL
3 silty sand (ash) 3.00 51 51 0.977 0.14 53 146 811 173 1.0 1.0 200 111 NL
4 silty sand (ash) 4.00 68 58 0.965 0.16 53 162 411 185 1.0 1.0 200 111 0.28 1.79
5 silty sand (ash) 5.00 85 65 0.952 0.17 53 162 111 180 1.0 1.0 200 111 0.22 1.27
6 Ignimbrite 6.40 92 58 0932 0.20 53 2470 2470 0 1. 10 111 NL
7 M. dense silty sand 7.00 116 72 0.924 0.21 53 185 1.09 201 1.0 1.0 200 1.11 NL
8 M. dense silty sand 8.00 133 79 0908 0.21 53 190 1.06 201 1.0 1.0 200 111 NL
9 M. dense silty sand 9.00 150 86 0.892 0.22 53 192 1.04 199 1.0 1.0 200 111 3.91
10 M. dense silty sand 10.00 167 94 0.876 0.22 53 92 1 1.02 195 1.0 1.0 200 111 0.73 3.35
11 M. dense silty sand 11.00 184 101 0.859 0.22 53 204 1.00 204 1.0 1.0 200 111 NL
12 M. dense silty sand 12.00 201 108 0.842 0.22 53 204 0.98 200 1.0 1.0 200 111 NL
13 M. dense silty sand 13.00 218 115 0.825 0.22 53 216 0.97 209 1.0 1.0 200 111 NL
14 M. dense silty sand 14.00 235 122 0.808 0.22 53 216 0.95 205 1.0 1.0 200 111 NL
15 M. dense silty sand 15.00 252 129 0.791 0.21 53 203 0.94 190 1.0 1.0 200 111 0.39 1.83
16 M. dense silty sand 16.00 269 137 0.775 0.21 53 203 0.92 188 1.0 1.0 200 111 0.32 1.52
17 M. dense silty sand 17.00 278 141 0.758 0.21 53 224 0.92 205 1.0 1.0 200 111 NL
18 M. dense silty sand 18.00 295 148 0.742 0.21 53 230 0.91 208 1.0 1.0 200 111 NL
19 M. dense silty sand 19.00 312 155 0.727 0.20 53 240 0.90 215 1.0 1.0 200 111 NL
20 M. dense silty sand 20.00 329 162 0.712 0.20 53 244 0.89 216 1.0 1.0 200 111 NL
Table C10. Shear wave velocity based analysis dwotpMeskel Square (amax=0.15Q)
Mw= 55
Laye | Layer Name Depth,m ov o'V rd CSR FC Vs, Rec. (m/s) CN Vsl Kal Ka2 VS1* MSF CRR FS=
r# % CRR/CSR
1 | Organic Clayey Silt 0.6 9 9 0.995 0.10 72 159 01.7 270 1.0 1.0 200 2.21 NL
2 | Organic Clayey Silt 1.2 18 18 0.991 0.10 72 159 541 244 1.0 1.0 200 2.21 NL
3 | Stiff Clayey silt 2.1 34 34 0.984 0.10 72 166 ns3 217 1.0 1.0 200 2.21 NL
4 | stiff Clayey silt 3.0 50 50 0.977 0.10 72 179 a1 212 1.0 1.0 200 2.21 NL
5 | Slightly Weath. Tuff 4.5 84 70 0.966 0.11 72 Q47 2470 1.0 1.0 200 2.21 NL
6 | Fresh Welded Tuff 7.0 146 107 0.946 0.13 72 3172 3172 1.0 1.0 200 2.21 NL
7| Soft silty sand 8.0 160 111 0.939 0.13 72 231 709 225 1.0 1.0 200 2.21 NL
8 | Soft silty sand 9.0 174 115 0.931 0.14 72 250 709 241 1.0 1.0 200 2.21 NL
9 | Soft silty sand 10.0 188 119 0.907 0.14 72 263 960. 252 1.0 1.0 200 2.21 NL
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Laye

O~NO UL WN PR

Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Mw=
Layer Name

Organic Clayey Silt

Organic Clayey Silt

Stiff Clayey silt

Stiff Clayey silt

Slightly Weathered Tuff

Fresh Welded Tuff

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand
Mw=

Layer Name

Organic Clayey Silt
Organic Clayey Silt

Stiff Clayey silt

Stiff Clayey silt

Slightly Weathered Tuff
Fresh Welded Tuff

Soft silty sand

Soft silty sand

11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
6

Depth,m

0.6
1.2
2.1
3.0
4.5
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

6.5
Depth,m

0.6
1.2
2.1
3.0
4.5
7.0
8.0
9.0

202
216
230
244
258
272
286
300
314
328

oV

9

18
34
50

84
146
160
174
188
202
216
230
244
258
272
286
300
314
328

oV

9
18
34
50
84
146
160
174

123
128
132
136
140
144
148
153
157
161

oV

18
34
50

70

107
111
115
119

123

128

132

136

140

144

148

153

157

161

oV

18
34
50

70

107
111
115

0.880
0.854
0.827
0.800
0.774
0.747
0.720
0.693
0.667
0.640

rd

1.000
0.991
0.976
0.959
0.929
0.873
0.848
0.824
0.799
0.774
0.750
0.726
0.702
0.679
0.656
0.635
0.614
0.595
0.576

rd

1.001
0.993
0.981
0.967
0.941
0.893
0.873
0.852

0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.13
0.13
0.13

CSR

0.10
0.10

0.10

0.09
0.11
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.11

CSR

0.10
0.10

0.10

0.09
0.11
0.12
0.12
0.13

72
72
72
72
72
72
72
72
72
72

FC
,%

72
72

72

72
72
72
72
72
72
72
72
72
72
72
72
72
72
72
72

FC
,%

72
72

72

72
72
72
72
72

276
254
256
288
258
279
279
289
300
305

Vs, (m/s)

159
159
166
179
2470
3172
231
250
263
276
254
256
288
258
279
279
289
300
305

Vs, (m/s)

159
159
166
179
2470
3172
231
250

950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271
CN Vsl
01.7 270
541 244
ni3 217
a.1 212
2470

3172

709 225
709 241
960. 252
950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271
CN Vsl
01.7 270
541 244
ni3 217
a.1 212
2470

3172

709 225
70.9 241

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Kal

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Kal

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Ka2

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Ka2

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

200
200
200
200
200
200
200
200
200
200

VS1*

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

VS1*

200
200
200
200
200
200
200
200

2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.21
2.21

MSF

1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77

MSF

1.44
1.44
1.44
1.44
1.44
1.44
1.44
1.44

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

CRR

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

CRR

NL
NL
NL
NL
NL
NL
NL
NL

FS=
CRR/CSR

FS=
CRR/CSR
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Laye

~No o wWwNBRE

Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Mw=
Layer Name

Organic Clayey Silt

Organic Clayey Silt

Stiff Clayey silt

Stiff Clayey silt

Slightly Weathered Tuff

Fresh Welded Tuff

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand
Mw=

Layer Name

Organic Clayey Silt
Organic Clayey Silt

Stiff Clayey silt

Stiff Clayey silt

Slightly Weathered Tuff
Fresh Welded Tuff

Soft silty sand

10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

6.8
Depth,m

0.6

1.2
2.1
3.0

4.5

7.0

8.0

9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
7

Depth,m

0.6
1.2
2.1
3.0
4.5
7.0
8.0

188
202
216
230
244
258
272
286
300
314
328

oV

9

18
34
50

84
146
160
174
188
202
216
230
244
258
272
286
300
314
328

oV

9

18
34
50

84
146
160

119
123
128
132
136
140
144
148
153
157
161

oV

18
34
50

70

107
111
115
119

123

128

132

136

140

144

148

153

157

161

oV

18
34
50

70

107
111

0.830
0.809
0.787
0.766
0.744
0.724
0.703
0.684
0.665
0.647
0.629

rd

1.001
0.994
0.983
0.971
0.949
0.906
0.888
0.869
0.850
0.830
0.810
0.791
0.771
0.752
0.733
0.715
0.697
0.680
0.663

rd

1.001
0.995
0.985
0.974
0.954
0.915
0.898

0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.12

CSR

0.10
0.10

0.10

0.09
0.11
0.12
0.12
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13

CSR

0.10
0.10

0.10

0.09
0.11
0.12
0.13

72
72
72
72
72
72
72
72
72
72
72

FC
,%

72
72

72

72
72
72
72
72
72
72
72
72
72
72
72
72
72
72
72

FC
,%

72
72

72

72
72
72
72

263
276
254
256
288
258
279
279
289
300
305

Vs, (m/s)

159
159
166
179
2470
3172
231
250
263
276
254
256
288
258
279
279
289
300
305

Vs, (m/s)

159
159
166
179
2470
3172
231

960. 252
950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271
CN Vsl
01.7 270
541 244
ni3 217
a.1 212
2470

3172

709 225
709 241
960. 252
950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271
CN Vsl
01.7 270
541 244
ni3 217
a.1 212
2470

3172

70.9 225

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Kal

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Kal

1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Ka2

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Ka2

1.0
1.0
1.0
1.0
1.0
1.0
1.0

200
200
200
200
200
200
200
200
200
200
200

VS1*

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

VS1*

200
200
200
200
200
200
200

1.44
1.44
1.44
1.44
1.44
1.44
1.44
1.44
1.44
1.44
1.44

MSF

1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28

MSF

1.19
1.19
1.19
1.19
1.19
1.19
1.19

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

CRR

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

CRR

NL
NL
NL
NL
NL
NL
NL

FS=
CRR/CSR

FS=
CRR/CSR
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Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand
Soft silty sand

Mw=

Layer Name

Organic Clayey Silt
Organic Clayey Silt
Stiff Clayey silt
Stiff Clayey silt
Slightly Weathered Tuff
Fresh Welded Tuff
Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

Soft silty sand

9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

7.2
Depth,m

0.6
1.2
2.1
3.0
4.5
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

174
188
202
216
230
244
258
272
286
300
314
328

oV

9

18
34
50

84
146
160
174
188
202
216
230
244
258
272
286
300
314
328

115
119
123
128
132
136
140
144
148
153
157
161

oV

18
34
50

70

107
111
115
119

123

128

132

136

140
144
148
153
157
161

0.880
0.863
0.844
0.826
0.808
0.789
0.771
0.754
0.736
0.719
0.703
0.687

rd

1.002
0.996
0.987
0.977
0.959
0.924
0.908
0.892
0.876
0.859
0.842
0.825
0.808
0.791
0.775
0.758
0.742
0.727
0.712

0.13
0.13
0.13
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

CSR

0.10
0.10

0.10

0.10
0.11
0.12
0.13
0.13
0.13
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

72
72
72
72
72
72
72
72
72
72
72
72

FC
,%

72
72

72

72
72
72
72
72
72
72
72
72
72
72
72
72
72
72
72

250
263
276
254
256
288
258
279
279
289
300
305

Vs, (m/s)

159
159
166
179
2470
3172
231
250
263
276
254
256
288
258
279
279
289
300
305

709 241
960. 252
950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271
CN Vsl

01.7 270
541 244

ni3 217

a.1 212

2470
3172

709 225

709 241
960. 252
950 262
940 239
930 239
930 267
920 237
910 255
910 253
900 260
.890 268
.890 271

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Kal

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Ka2

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

200
200
200
200
200
200
200
200
200
200
200
200

VS1*

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19
1.19

MSF

111
1.11
111
111
1.11
111
111
111
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

CRR

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

FS=
CRR/CSR
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