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ABSTRACT

One of the mosimportantcharacteristics o& soil thatis a basis foseismic analysiss
shear wave velocit{Vs). Vs hasprovedto be a valuable tool for site response analysis for seismic
design since it has the potential to significantly affect the amplitude and frequency content of
expected ground motion. Understanding how the site characteristics will affect the seismic
respone is necessary fodesigningrobust structures for seismic hazar@sveral codes and
standards have considered the impacts of site characteristics on anticipated ground svibration
through the site clagikation. Current design codes have incorporated/dyrofile of the soil in
the upper 30 m, known assq as a proxyfor the stiffness of the sodnd its response under
dynamic loadingtaking into accountthe potential amplification and changes in the frequency

content of the ground motion

Direct mehods to measunészohave been develop&eridwide through invasive and non
invasive testing. Invasive methods require excavations, in most cases, to be conducted and specific
equipment to develo@ssomeasurements. Neanvasive testing has become increasy popular
due to its quick implementation and relatively low cost compared to invasive testing methods.
Researchers have developed different methods to estunatecases where direct methods are
not available or cannot be applied. The indirect methiety on a property or characteristic of the
soil, such as fundamental frequency, geology, and topographic slope, which is correlatédowith
measurements available in the area of sttidbyever,Vstesting is less common negionswith
relatively low seismicity, like Alabamayhich challengewalidating any indirect approaches
developedfor these areas. The absence of measurements also prevents the generation of local

correlations and the evaluation of the validity of alternative metbgass.



Direct and indirect methods were applied to several locations in Alabama to compute and
estimateVszo The direct methods applied in this study includgtichannel analysis of surface
waves MASW) and seismic refraction, while the indirect methagsed are the -Rave
seismogram method, HVSR correlations, joint inversion witiwvaRe ellipticity, and proxy
methods that were applied to sites and seismic stations. The different approaches were applied to
different sites and seismic stations located\limbama and surrounding states and compared to
provide recommendations. Direct methods were applied to a total of 11 sites in thjsastlidy
another foulszovalues were collected from the publicly available profiles. Indirect methods were

applied to theseismic stations available in the state.

The measurements and estimates presented inwthils are preliminary approaches to
providing Vszo values for Alabama. From the results generated by this stiuelyyse of direct
methods such as MASW is recommenbedause they are more reliatASW combined with
R-wave ellipticity can provide additional constraints on the inversitve.P-wave seismogram
methodis very useful in sitesvhere permanent or longderm seismometer installatiorsge
available When uing theP-wave seismogram methau Alabamajt should be considedusing
the original amplitude ratio correlatioand the proposed lower boundary of the 95% confidence
interval. However, several recorded earthquakes are required, which limits thetepppbtahe
method. Proxy methods can be employed at sites without any measurements but tend to
underestimat®ssoat stiffer sites. All three proxy methods should be considered inuleCGast
region, while the hybrid geologglope and topographic methods should be considerealith&n
Appalachianand Gntral Tennesseeegions.Furthermore, incorporating new measments of

Vs3q especially in the north part of the state where the seismic hazard is higher, wouldrallow



accurate assessment of the reliability of the proxy methods and potential modifications to the

amplitude ratio correlation for thewave method fouse in Alabama.
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CHAPTER 1 INTRODUCTION

1.1BACKGROUND OF SHEAR WAVE VELOCITY

Shear wave velocitfVs) profilesarecritical inpus for site responsanalysedecause they
considerably influencéhe amplitude and frequency content of predicted ground meian,
Abrahamson et al., 2008; Gaadi§ et al., 2016; Teague & Cox, 2016pmmon input parameters
for seismic site responsanalyses includéhe sheastiffnessand thicknessf the soil layersthe
impedance ratibetweerbedrock and the soil, ara$timates of dampin@dunter & Crow, 2012)
The shear stiffness relates directly to Ya@andsoil density Vsis commonly used to perform site
amplification studies, ser@mpirical ground motion modelg, andassessment of soil aginig
addition Vs is employed asnput for semiempirical liquefaction triggering and seitructure

interaction model§Wang etal., 2019)

This influenceof the Vs profile at a sitehas been incorporated into seismic design codes
through site class estimates meant to help account forbpossnplification and changes in the
frequency content of the ground moti@@g., Borcherdt, 2012; Dobry et al., 2000; Holzer et al.,
2005) Building codes and standis often rely on the/s profile of the upper 3on (100ft), Vszq

as a proxy for these local site effettteough site classifications based on this parameter.

Vs3ovalues can be obtained frovie measurements performed at the &iieect methodpr
correlated with othein situ measurement@ndirect method)Direct measurements ¥g3ovalues
are more reliablée.g., Comina et al2011; Garofalo et al., 2016)ut in regions with relatively
low seismic activity, such as Alabam¥s testing is less commonn fact thereare very few
publicly availableVs profiles for sites inAlabama.McPhillips etal. (2020)compiledVs data from

govenment spasoked reports from the U.SGeologicalSurvey (USGS), online databases, and



scientific and engineering journals. This work comib#e369 values o¥/szoin the United States

and found only one profile in Alabama with two near the bord&emessees $iown inFigure

1-1.
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Figurel-1: Vsprofiles in Alabama and surrouing stategMcPhillips etal., 2020)
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Thedirectmethods to measulssocan be classified into invasive and Aiomasivetests
Non-invasive tatsfor Vs profiles (e.g., surfacbased seismic surveys or microtremor recordings)
can often be performed more quickly and at a lower cost than invasisée.g., boreholdased
methods om situtests) However thenoninvasivetestscan have more uncertairityaninvasive

testsand may need to be validated with invadestsor otherdata sources
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In cases where direct methods are not availakleearcherhiave developediifferent
approacheto estimateé/szothrough indirect methods. Indirect methods argeldeon correlations
between a property of the sod.(.,amplification,fundamental frequency, geologppographic
slope) and/szpmeasurements available in tseidy areaMost of these methodseredeveloped
in active seismic regions where mareso measurements agecessiblethen expanded to other
regionsand calibrated with thexistingdata Among the indirect methods available are thed¥e
seismogram method, Horizontal to Vertical Spectrati® (HVSR) correlations, and proxy
methodg(e.g., correlations with topography and/or geolodmdlirectmethods can be a valuable
way to obtain preliminary/ssoestimates, but they need to be validated for the regions where they
will be appliedthrough @omparison with direct measurement®weverVstesting is less common
in areas with relatively low seismicity, such as Alabaamal validating thesadirectmethoddor
these regiong challenging. The lack of measurements also meanot@tcorrelaibns cannot

begeneratedand the reliability of other different approaches cannot be addressed.

1.2 SEISMIC WAVE PROPAGATION

There are two types of seismic waviesdy waves and surfageaves. The body waves are
namel this way because they travel through the body of the Earth, while the surface waves, as
their name sgs, can only travel along the Earth's surfaceBody waves are dided irto
compressional waveendshear wavegHunter & Crow, 2012pased on the direction of particle
movement relative to wave propagati@urface waves can be classified as Rayleigh wékes

waves)and Love wavefl -waves)

Compressional or primary wavél-wave)travelthroughlongitudinal wavesThe patrticle

motion of theP-wave is n the same direction as the travel direction of the welabiger etal.,



2012) as shown irFigure 1-2. The shear waves or secondary waf@svaves)have patrticle
motiontransverséo travel directiorandcanhave vertical and horizontal componefkigurel-2).
The P-wave travels faster than tisewavein soil and rockBesides the particle motiatirection
and speedthe main difference between the body waaed shear wavas the medium in which

the wavecan propagatelrheS-wave cannotransmitin a fluid medium while P-waves can

P wave Love wave
compressions

expansions

igs

u
medium

S wave Rayleigh wave

© Encyclopaedia Britannica, Inc.

Figure1-2: Types of seismic wavéScience Learning HibP ok apl Akor anga

Surface waves are also dividedarseveral types of wave¥he most commoareR-waves
and L-waves. Surface wavéaveamplitudes thatdecrease with deptnd are dispersive in layered
soils, meaning their velocity will vary with frequenciR-waves are characterized by an elliptical
prograde or retrograde motion tbfe particle. L-waves have a particle motion horizontal with a
movement prpendicular to the direction of propagati@ue to their elliptical movement,-R
waveshave horizontal and vertical components, whileMaves hge only horizontal components

(Figurel-2).

Plta



1.3SEISMICITY OF ALABAMA

The seismicity of Alabama is closely affected by two of the most active zonesastban
United Stats, the New Madrid and thEasternTennessee seismic zqraes shownn the hazard
map Eigure 1-3). Thesezonesinfluence the seismic hazard in the stated the effects othis
influence decreas®wardsthe south of the state. The seismic hazard has been incorpotated in
several desigeodes and standards through the ground motion riiéygshazard map, shown in
Figure 1-3, wasconstructed based on the most recent USGS manteisidering the seismigit

and the faukslip rateUSGS, 2018)

Lowest hazard

Figurel-3: Hazard map and identification of faults located near Alab@s%S, 2018)

TheNew Madridseismic zon€NMSZ) is the most active seismic area in the eastern United
StateqLiu & Zoback, 1997)The zone igharacterizethy two parallelstrike slipfaults that border

the Reelfoot rift, along with a crosser reverse faul(Sexton & B, 1986; Tuttle, 2002Yhe
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NMSZ has intraplate activity with earthquakes of small to moderate interigity.largest
earthquakes experienced in this region occurred in the wint&1df dnd 1812, with magnitudes
greater than {Liu & Zoback, 1997) The damage caused by the earthquakes included settlements,
landslides, liquefaction, structural damage, bank failures in the MissidRiper, uplift, and
subsidence of large tracts of the Mississippi River. It has been estimated that the probability of
occurrence of an earthquake of magnitatkeor greater is between 28% in the next 50 years

(USGS, 2022)

TheEasternTennessee seismic zofi€T SZ)is the second most active zone in the eastern
United States based on the seismic strain erretggsedPowell etal., 1994) This seismic zone
is in a mountainous region in GeorgiBennesseeand AlabamaThe seismic zone area is
approximately 50 km wide and 300 km lofigunn & Chapman, 2006YheETSZhasacomplex
geologywith focal mechanism controlled tstrike-slip displacemestand a deep crustal break.
(King & Zietz, 1978; Powell & Thomas, 2016)he earthquakes in this zonesbanot exceeded a

magnitude of 4.6, with depths ranging between 5 to 2¢@&mapman eal., 1997)

1.4SITE CLASSIFICATION AND Vsszo

Designingresilient structures for seismic hazards requires understanding how the site
conditions will influence the seismic responskany codesand standardsaveaccounted for the
effects of site conditions on the expected ground motlmasigh thesite classwhich servess a
proxy for the stiffness of the sailTypical siteclassification ranges from hard rock (Type A) to
very soft soil (type Fpn most of the codes and standafdASHTO, 2020; ASCE/SEI, 2022;

ICC, 2015)



The National Earthquake Hazards Reduction Program (NERRR®)sionshave provided
technical resources to translate research results into design standards for improving seismic design
and construction practices s its first edition in 2009. The latest version of the NEHRP
Recommended Seismic Provisions for New Buildings and Other Stru¢iNEe€HRP, 2020)
provides the specifications for seismic design criteria and requirements adopted by the Minimum

Design Loads and Associated Criteria for Buildings and Otheactbnes ASCE/SEI, 2022)

NEHRP Provisions(NEHRP, 2020)provided one of the most significacitanges to site
class definitions of Chapter 20 of ASCE2Z (2022) by performing the site classification only
usingVssq as shown inrable1-1. Another change in the standard is the addition of 3 new sites
classes (BC, CD, and DE). The new sites classes allow a better resolution of the site class and site

amplification for similar de characteristics.

Table1-1: Site class definition@®NEHRP, 2020)

Vs3oCalculated Using Measured

Site Class or Estimated Vs Profile
A. Hard Rock > 1,524 m/q5,000 ft/s)
B. Medium hard >914.4 m/s 8,00Gt/s) to 1,524 m/s$,000 ft)
BC. Soft rock > 640.1 m/g2,100ft/s) to 914.4 ms (3,000 ft/3
C. Very dense sand or hard clay > 442 m/s(1,450ft/s) to 640.1 m/q2,100 ft/3g
CD. Dense sand or very stiff clay > 304.8 m/q1,000ft/s) to 442 m/s(1,450 ft/9
D. Medium dense sand stiff clay > 213.4 m/q700ft/s) to 304.8 m/q1,000 ft/9
DE. Loose sand or medium stiff clay > 152.4 m/q500ft/s) to 213.4m/s (700 ft/9
E. Very loose sand or soft clay < 152.4 m/g500 ft/9

F. Soils requiring site response analysis

The NEHRPFProvisions(NEHRP, 202030 notprovidespecifc details orthe method used
to measure shear wavelocity. However, 1 the Vs profile is not measured, it can be estimated
using correlations with other tests, such as the Standard Penetration Test (SPT), Cone Penetration

Test (CPT), shear strength, or other geotechnical parameters. If correlations are used the estimated



Vsso0 shall be estimad using £30% rang@Vs,,/1.3 - 1.3/, ) due to the uncertainty inherent to

the correlations. A factor less than 1.3 may be applied if approved by local building officials using

specific local correlations than have been shown to have a higherac@EHRP, 2020)

The computation o¥ssois shownin the equatiori.1.

ad
Vg0 = _'?:1 q 1.1
a 1
iz Vs,
Where:
a d =30m

i=1
V, =shear wave velocity in m/s of a layer
d. = thickness of each individual layer betneO and 30r

1.5SEISMIC HAZARD ASSESSMENT

The seismic hazard is commonly assessed for a given site using design response spectrums,
which depend othe site classThe new provisions from NEHRP provide a MiReriod Design
Response Spectrum (MPDR) and a TRe&riod Design Response Spectrum (TPDR) for site
classes from A to E. When the site is classified as site class F;spetiéic ground motion
procedure is required for seismic design. This procedure requires a ground motion hazard analysis,
including regional tectonic setting, geology, seismic motiecurrencerates, and maximum

magnitudes of earthquakes on known faults, among other requissiN&HRP, 2020)

The MPDR spectrum is thgeneral method andses the 5%lamped design spectral
response acceleratiols, taken as twahirds of the multiperiod 5%damped riskargeted

maximum considered earthquak®IGEr) response spectrum of the USGS Seismic Design



Geodatabasg.uco etal., 2021) The spetral acceleration response obtained from the geodatabase
is dependent on the site classification, as showfigare 1-4. When values of the mulperiod
5%-dampedMCERr response spectrum are not available, the provisions permit the use of the TPDR
spectrum Figure 1-5), which can be developed based on the site classification peudra
response acceleration paramegivg andSM. from theUSGS Seismic Design Geodatab@sgco

etal., 2021)or the maps included in the provisions. The-sfiecificMCEr response spectrum is
determined from probabilistic or deterministic ground motions analysis for each period. The design

response spectrum for the s#gecific analysidgs taken as twahirds of theMCEr response

spectrum.
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Figurel-4: Plots of the MPRS (up to 5 seconds) proposed for the lower limit deterministic
MCER response spectra of Table 21.up to 5.0 seconds) of t26€20 NEHRP Provisionand
ASCE 722 (Kircher etal., 2019)
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Figurel-5: Two-period design response spectr(MeHRP, 2020)

Seismic Design Category (SDC) islagsification assigned to a structure based on its Risk
Category and the severity of the design earthquake ground motion at a speqASESEE SEI,
2022) Risk Categories are assigned to buildings and other structures based on the risk for human
life, health, and wifare associated with the damage or failure of the strudid8SE/SEI, 2022)
This risk is from | to IV, Ibeingthe lower risk and IV for essential facilities, as showit atle

1-2.

SDC can be assigned to any structure based on the mapped spectral acceleration design
parametersSDs (short period)and SDi(1-s period). SDCs can be based on either of the design

response acceleration paramet&Bsr SDy), following the limitatons of

Table 1-3Table 1-4. Using these tables, the design categories are dependent on the risk
category and vary from Ao D. For structures with Risk Category I, Il, or Ill and spectral

acceleration paramet&; greater or equal to 0.75, SDC E shall be assigned, while for Risk
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Category IV and spectral acceleration paramgt@reater or equal to 0.75, SDC F is assigned.

With these requirements, SDCs vary from A to E.

Tablel-2: Risk Category of Buildings and Other Structures for Flood, Wind, Snow, Earthquake,
and Ice Loadg¢Table 1.51, ASCE/SEI, 2022)

Use or Occupancy of Buildings andtructures Risk Category
Buildings and other structures that represent low risk to human life i |

event of failure

All buildings and other structures except those listed in Risk Categol
I, and IV

Buildings and othestructures, the failure of which could pose a substa
risk to human life

Buildings and other structures, not included in Risk Category IV,
potential to cause a substantial economic impact and/or mass disrup
day-to-day civilian lifein the event of failure

Buildings and other structures not included in Risk Category V (incluc
but not limited to, facilities that manufacture, process, handle, store
or dispose of such substances as hazardous fuels, hazehgooisals,
hazardous waste, or explosives) containing toxic or explosive subsi
where the quantity of the material exceeds a threshold quantity estat
by the Authority Having Jurisdiction and is sufficient to pose a thre.
the public if releas®

Buildings and other structures, the failure of which cpalse a substantiz vV
hazard to the community

Buildings and other structures (including, but not limited to, facilities
manufacture, process, handle, store, use, or dispose of such subste
hazardous fuels, hazardous chemicals, or hazardous waste) con
sufficient quantities of highlyoixic substances where the quantity of
material exceeds a threshold quantity established by the Authority H
Jurisdiction and is sufficient to pose a threat to the public if released

Buildings and other structures required to maintainftimetionality of
other Risk Category IV structures
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Table1-3: Seismic Design Category Based on SiRetiod Response Acceleration Parameter
(Table 11.61, ASCE/SEI, 2022)

Risk Category
ValueofSos |y on W,
S$s<0.167 A A

0.1670Ss< 0.330 B
0.3300%s< 0.500 C
0.5000Ss D

0O

Table1-4: Seismic Design Category Basedbge-Period Response Acceleration Parameter
(Table 11.62, ASCE/SEI, 2022)

Risk Category

valueofSor -y o W,
S1 < 0.067 A A
0.0670%1<0.133 B C
0.1330%:< 0.200 C D
0.2000%1 D D

The SDCs establish the design requirements and structural system limitations for structural
buildings and nonstructural elemerBructures assigned with SDC A need only to comply with
structural integrity Seismic ForceResisting SysteméSection 12.2.JASCE/SEI, 2022)nclude
bearing walls, special building frames,and momentresisting frames Specific limitations
regarding thepplication of these systems for differstructural heiglgapply toSDC from B to
F. These design requirements include the applicatiseisinic loads in the orthogonal directions
and the combination of horizontal and vertical components for the désidiional requirements
for geotechnical investigatiorapply toSDCs from C through F, that include evaluation of slope
stability, liquefction, settlements, and surface displacement and recommendations for foundation

designs.
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These examples showhea structural design requirements for acceptable seismic
performanceadepentihg on theSeismic Design Categories, whisha function ofboth theRisk
Categoy and the site classificatipincluding theresponse acceleration parameters. The design
requirements are more restrictive for SDC C through F, being E and F the most restrictive cases.
Determining the site class from shear wave velocity lg®®ither from direct measurements or
validated correlations &critical step in defining the Seismic Design Category and is an essential

parameter for the adequate seismic design of structures.

1.6 MOTIVATIONS AND GOALS

Earthquake damage tessential infrastructure facilities can have a high impact on
communities and the national transportation network. Bridges are essential transportation
infrastructure, and adequate seismic design of all its components is to be achieved using the current
arnd most updated provisions that account for seismic hazards and the expected ground motions
during the event of an earthquake. Seismic demand on bridges differs from building structures,
and the stiffness or ductility of the structural systems plays a ffioeotzl role in their structural
behavior when subjected to earthquake loads. Shear wave velocity measurements in the upper 30
m are used for site classification and are an essential soil parameter for assessing the seismic
hazard. National seismic desigraps in conjunction with the site classification are the first input
when determining design response spectrums for a specific site. Therefore, adequate site
classification is a critical parameter in predicting site response and performing acceptable

strucural seismic design.

Vs profiles,especially in the upper 3, have a fundamentalole in site response analysis

and site characterizatiols discussed beforealifferent direct andindirect methodshave been
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createdo measure and estimateso However,Vstesting is less common areas with relatively
low seismicity suchas AlabamaThe lack of datén Alabama means that indirect methods are not
calibrated for use in this region. There is a need to collegtimeasuementsacross the stat®
evaluae the applicability of the indirect methodsnd assess which direct methods can be
effectively applied in different aredsvaluating and comparirtge different approaches walllow

recommendationsn suitable approaches foffdrent regions of the state to be develaped

This work aims to evaluate different namvasive techniques to measure and estivigie
in Alabama, compare the resuhgghlight the benefits and drawbacksaichmethod andprovide
recommendationand datdor future studies seeking to estim&tgo in AlabamaWhile the study
is focused on data collected in Alabama and surrounding states, the findings of this study will also
be useful for other regions with similar geologic conditions and lownsaty. The first goalof
this studyis to applythe P-wave seismogranmethod to recordings from seismic stations in
Alabama and surrounding states. This methasl not previously been applied in low seismicity
regionswhere fewer recordings are availablen implementation approacto applying this
method in Alabamas developed and described in this stutlige second goaif this studyis to
compare the values acquired using thede seismogrammethodwith geotechnical data and
geophysical measuremeriisthese site€€omparingthe different approaches will alloassessing
the accuracy and uncertainty of thevBve seismogram method. The third goal im¢eesshe
applicability ofpreviously developedroxy methodgo sites in Alabamarhe results wilthen be
combined to provide information on thenefis and drawback®f each of the approaches to
estimateVso and offer recommendations rowhich method to applyn different regionsin

Alabama This study will also provide a suite ®z0measurements at different siieshe state
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Future researchers can use these measurenentlidate new approachestordevelop new

proxy methods

1.7RESEARCH OBECTIVES

Primary researchbjectivesfor this disertationare outlined below:

U Develop a Pvave seismogram approach that can be appliedeaswith relatively
low seismic activity

U Assess the accuracy and uncertaintyVigao estimates from the proposedwRve
seismogram method using geotechnical andplygsical measurements at selected
locations

U Evaluate the applicability of various proxy methods for estimatigto Alabama

i Compare the different methods and provide recommendations

U Provide a suite of'ssomeasurements at sites acrdssbama.

1.8 DISSERTATION ORGANIZATION

This dissertation is divided insevenchapters as follows:

U Chapter I Introduction: This chapter pvides general background dhe importance
of Vsfor engineering practices and differeméthods to compute iVotivation for this
researchand objectives aralelivered. The organization of content within this
dissertation is also outlined.

U Chapter 27 Literature Review This chapterdescribesthe methods available to
compute and estimaté; for a site. The chaptéocuses onnonrinvasivemethodausing

direct and indirect methods to measure and estiate respectively. The direct
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methodsinclude surface wave methodmdseismic refractionThe indirect methods
include the P-wave seismogrammethod HVSR, Rwave ellipticity, and proxy
methods

Chapter 3 Methodology This chapteprovidesthe methodology used to compute and
estimate th&/s3o profiles usingdirect and indirect method$he area of studsind the
data collection and processing used for each of the methods applied aedoutlin
Chapter 4i Results of DirecMethods: This chapter shows the reswolts/so from
Surface waves and seismic refraction analyBiach sitedescribes the location,
geology, and specific data collection parameters

Chapter 5 Results of IndirecMethods: This chapter shathe resultof Vszousing
indirect methodsuchas P-wave seismogram HVSR, Rwave ellipticity, and proxy
methods

Chapte 617 Comparison of DifferenMethods This chaptecompareshe results using
the direct and indireahethoddor the sites selected for the study

Chapter7 i Conclusions andruture Research: This chaptesummarizeghe research
conclusiongovered in this dissertatiorn addition, the €levance of research findings

to practicing engineers and potential optionstiture research are discussed.
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CHAPTER 2 LITERATURE REVIEW

2.1INTRODUCTION

Due to the importance &szoas input for seismic hazard anaysand site amplification,
researchersworldwide have developeddifferent techniques to estimate and measure this
parameter The studies have been performadspecific locations for site characterization and
across large areas to deveMgpo maps for specific regionsr even countriesSeveralmethods
can be usetb computeVs profiles and therefore to calculateVsso This chaptedescribeshow
different methods aresedworldwideto calculateand estimat®'szo A few examples are provided

in the next section.

The directmethods used to compuiksocan be classified as invasive anahinvasive
Invasive tests (e.g., downhole, cro$®le, suspension loggingequire the insertion of the
equipmentused to measure th&; profile into the soil. A boring (drill hole) is usually required
depending on the test to be implensehtNon-invasive tests (e.g., refraction, surface wave
analysis) involve placing an arrafsensors along the ground surface and recording seismic waves
from active and/or passive sources. Niovasive tests do not require drilling and can be completed
with minimal disturbance to the sit#dhe data obtained from neanvasive testing contribute
essentiainformation about wave propagation across a (Sheffiths etal., 2016) The logistics
behind thdransportatiorof equipmento the siteand the needf drilling lead tohigher costand
longer working hoursvhen compared with neimvasivetests (Hollender et al., 2018)nvasive
testingdirectly measure¥s over a relatively small volume of soil or rockt the same timejon
invasivetests often average ovarwider area based on the setup of tdsting devicesNon

invasive testingften requires inversion to obtaifa profiles, which can introduce uncertainty due
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to the noruniqueness of the solutiofhis study is focused on nenvasivemethodsecause they
have preed to beeconomial and time effectivavhile providing reliable estimati@as invasive

approachegGarofaloet al., 2016akoti et al., 2016)

Themethodseviewed indetail in thisresearchwill be classified aslirectandindirect The
direct methodscan measureVsso through directmeasuremenof the Vs profile. The indirect
methodsestimateVssousingcorrelations between a property or characteristic of the sit&«ad
The direct methodsonsidered in this studyclude Multichannel Analysis of Seismic Waves
(MASW) and seismicefraction The indirect methods include tliRewave seismogram, HVSR,
R-wave ellipticity, and proxy methodsor all the methods, details about the data collection, signal
processing,nversion and examples of the resultsbtained by applying these methodese

presented in the following sections

2.2PREVIOUS STUDIES

Many previous studies have examined and congpadiféerent approaches to measure and
estimateVs at both the local and regional sl8ome of the regions where these studies have
been completed includedia (Anbazhagan & Sitharam, 2008; Mhaske & Choudhury, 2011; Singh
et al., 2021)BangladestiHaque & Kamal, 2013; Rahman at, 2016, 2018)Turkey( Kanl & et
al., 2006; Pamuk et al., 201”Famuk et al.2019) Korea(Jung & Kim, 2014; Kang et al., 2021;

Lee et al., 2022)Spain(MartinezPagan eal., 2014; Ros&€i nt as et al ., 2017;
al., 2018)Italy (Forte efal., 2019)andJaparn(Matsuoka et al. 2006 here have also been multiple
studies in different regions of the US (e&hdi etal., 20B; McPhillips etal., 2020; Park & Elrick,

1998; Yong etl., 2012) This sectiorhighlights findings from some of thesaidiesmost closely

related to the current work
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In Spain Ma r t 2 n e z al. R281§)vestigaed the seismic response the town of
Adra. This study used the methodsSifatial Autocorrelation (SPAC), MASW, and HVSR. The
methodsgenerateddiscrete onedimensioml (1D) and continuoustwo-dimensioral (2D) Vs
subsurface modelsThen the area was clagied in terms ofVszo to acquire a detailed soll
microzonation of AdraThe detailed map generated for Agravides predictive insighinto the
possibledistribution of building damage amdntributeso appropriate urbaplanningfor future

projects.

In France Hollender etal. (2018) characterizé 33 seismic statigfrom the French
permanenAccelerometridNetwork (RAP)by usingactiveand passive surface wavéllender
et al. (2018) applied active MASW of R and L-waves and passive ambient vibration
measurements. Tharocessing ofimbient vibrationsisedfrequencywavenumber (FK), high
resolution frequencywavenumber (HRFK),and modified spatial autocorrelation (MSPAC)
metods. The dispersion curydrom the active and passive methodere combined for the
inversion procesd his study compared the measuremenigse§with indirect estimations dfszo
performed in the past, concluding that the measurementssgivere in general lower than the
Vs3o estimates. Additionally, the authors stated that swifesed methods were appropriate to

characterize the site of seismic stations, even on rock site

Michel et al. (2014) proposed a procedure to characterize 30 new stations from the Strong
Motion Network (SSM Net) in SwitzerlandThe site characterization was developed with
geophysical investigations usisgrface waves. Active and passive measurésnsare taken at
the stationsThree processing steps were applied to the data colladtesisites. FirsHVSR and
polarization analysis were used to retrieve the fundamental modemalv& anddentify 2D

resonance or unstable rock slopes. Secandnalysis of the array was perform@dretrieve the
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dispersion curves of RandL-waves. Third, a combined inversion of the dispersion, resonance,
and ellipticity curves was perford. After comparing thdifferent processing steps applied to the
sites, he authors obtained a 1D profile for each station and analywe®D and 3D site
amplifications.The authorgoncludedthat1D profiles arerepresentative of the seismic response

for the sites analyzed

Forte et al. (2019) performed a soil classification based on surface geologysand
measurements in ItalyThe method proposduly Forte etal. (2019) correlatel surface geology
maps with sitespecific investigations. As a resuft this investigationa simple stan@lone
software (SS@taly) was developed for public access with the soil classification faf dtaly.
The map ofVs3o generated for Italy is shown Figure2-1. This map cannot be usedplaceof
site-specific studies, but it can bmiitable forlargescale seismic risk studie®©ther regional

studies have been developedBnaga etl. (2010 andDi Fiore etal. (2016)

Due to the high seismic activity in Japan, several studies have been conducted to measure
and estimatd/s. Among the studies, a map U was developed using the Japan Engineering
Geomorphologic Classification MAP (JEGM) Iatsuoka etal. (2006) This study collected
2,000 sites withVvs profiles measured all over Japan and estim&tgevalues. TheVszovalues
were then coriated with the JEGM geomorphological units. The map generated using this method
is shown inFigure 2-2. In this figure, averag¥®s values are shown for Japan. Anotistudy
performed byKwak etal. (2015)created prediction equations through empirical models for the
Japanese seismic network-fET) based on standard penetration resistanea(ie). This study
used 16,845 collected measurement¥<dnd Nvalues at 1,102 sites to generate the prediction
equations. The results were compared with geomorphdiaggd proxy methods concluding that

N-values can improve the prediction \é§30when direct measuremenare not available. Other
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regional studies have used seismic tomography and microseismic data to inv&&tigatee

crustal structure afapanZhao efal., 1992; Nishida &dl., 2008; Suemoto ei., 2020)

B<180m/s
D 180 - 360 m/s
360 - 800 m/s
> 800 m/s

I

Figure2-1: Map ofVsaofor Italy (Forte etal., 2019)

Most of thestudies orVsin the US.are performed in zones with higher seismic,rslch
asthe western U.S. and Charleston regiohkdi et al. (2018) compiled more thar, 739 Vs
profilesin California, with 1,232 of them in digital forma&s shown irFigure 2-3. These data
collected byAhdi etal. (2018)represents the first opetcess database & profilesin the U.S.
Wang etal. (2019 also included 83¥sprofilesfrom Central and Eastern North America (CENA),
90 Vs profilesin Alaska, 608Vs profilesin the northwest region (Oregon, Washington), and 814
Vsprofilesfrom the intermountain west region (Idaho, Nevada, Utah, and Wyoming). The database
from CENA included only one profile in Alabama located at the seismic station LRAL. The

information was co#cted from different data sources and included boreholes and other
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geotechnical data to augment the geophysical test results. The geophysical testing included
invasive tests (i.e., downhole and crbsde testing, 5 suspension logging, and seismic CPT)
and noninvasive tests (i.e., active and passive surface waves methods and refraction). The active
surface wave methods involved SASW and MASW o&iRd L-waves. The passive surface waves

were analyzed using SPAC and extended spatial autocorrelation (ESAC).

Average S-wave velocity
of ground (m/s)

W 700-
W 500-700
B 400-500
B 350-400
I 300- 350
250 - 300
200 - 250
B 150-200
-150

Figure2-2: AverageVsdistribution estimated using JEGMatsuoka etl. 2006)

Proxy methods rely on developing correlations between site parameteYs anszo
Examples of prewusly developed proxy methods include methods based on téyiag etal.,
2012) surface geologyPark & Elrick, 1998)combinations ofjeology and topographiVills et
al., 2000 Wills et al., 2015) andin situ measurements such as C{Ig.,Andrus etal., 2007)

These methods rely on large databasé&g pfofilesand so are often biased tamls active seismic
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regions like the western.B. Validating these methods for use in low seismicity regions can be

difficult due to the lack of available profiles.

Figure2-3: Digitized Vs profiles in California withaninset map of Los Angelg#hdi etal.,
2018)

Alabama is one of the regions with few publicly availaldgrofiles and even fewer to
sufficient depths to estimat&ss Chen & Liu(2018)applied geophysical testing at the Citronelle
oil field in Alabama to monitor C&injections. The geophysical testinged noninvasivepassive
seismicmethoddo detect geohazard risk ambnitorthe injection The Vs profiles computed by
Chen & Liu (2018)are very deepeaching 3,180 nithereforeit is not possible to retrieve from
the profile &/ssomeasuremenkia (2022)usedMASW to identify theshallow geological features
at Maxwell AFB in MontgomerySite characterization performed for the Bellefonte Nuclear Plant
project(TVA, 2007)included fivegeophysical surveyseismic refraction survegeismicCone
Penetrometefesting(SCPT) suspension and downhole logging test, microgravity sunays,
natural gamma borehole surveysgure 2-4 shows the resultsof the seismic refraction, a 2D
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profile of Ve conductedhrough unit 4This lack of data highlights the need for additional work to

collect and interpre¥ssoresults in Alabama.
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Figure2-4: 2D Vp profilesat the Bellefonte Nuclear Plafur unit 4(TVA, 2007).

2.3DIRECTMETHODS TO MEASURESHEAR WAVE VELOCITY

The measurement &fs profiles can beperformed usindothinvasive and noinvasive
methodsInvasive methods involve placing either the sowodbr the receiver of the wave at
several differentleptts below the ground surfac&@hese methods require drilling a hole or using
a penetrometeiotreach the desired depth. Some examplasvaisivemethods includeseismic
cone penetrometdiCampaneh etal., 1986; Robertsoet al., 1986) seismic flat dilatometer
(Hepton, 1988)and boreholdased methods such as downl{tdeDonald etal., 1958; Raikes &
White, 1984) crosshole(Ballard, 1976; Butler & Curro, 1981and RS suspension logging

(Kaneko etal., 1990; Ohya edl., 1984)
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The noninvasive methodsare performed on the surface of the sitel do not require
drilling a hole or using a penetration device. Examples ofimasive methods includgeismic
refraction (Hagedoorn, 1959; M. W. Palmer, 1990; Cardarelli & De Nardis, 208dismic
reflection(Tarantola, 1984; Clark ei., 1994; Symes, 2009nd surfacevave methodsMiller
etal., 1999; Park edl., 2000; Foti, 2000; Stokoe & Santamarina, 200@pending on how the
dataareacquired and howhey areprocessed, there are several different methods for surface wave
analysis such as spectral analysis of seismic waves (SASWASW, microtremor array
measurements (MAM), ambient vibration array (AVAgfraction microtremors (ReMi), and
SPAC(Garofalo etl., 2016) Non-invasive techiques are widelppplied because the procedures

used are timeand costeffective(Foti etal., 2011)

2.3.1 Multichannel Analysis of Surfad®aves (MASW)

The MASW method usgthe surface wave information of threcordedseismic waveso
estimate the subsurface properties. This is commonly done usimtisges$ve behavior of R
waves. For MASW, te recordedsignal is transformed fronthe time-space domain tdhe
frequencywavenumber domain to observe thispersion curve of the-Raves. After thistheVs
profile of the soil is computed by the inversion of the dispersion ¢Mier et al., 1999) MASW
methods can be performed withactive andbr passive source. Active sources (e.g.,
sledgehammers, controlled frequency vibratog)ally provide better information at the higher
frequencies, which is assot@d with the shallower structure of the sdit contrast,passive
sourcege.g.,ambient vibrationsare betterat retrieving lower frequency rangesd providing
information about deeper soil laydF=oti etal., 2009; Gouveia &tl., 2018) The combination of

passive and active sources providesabity to include boththe highfrequency content of the
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active source and lodvequencycontent from ambient vibrationsnproving the resolution and

depth of investigation of the survéRix etal., 2002; Foti eal., 2009)

Among the disadvantages of surface wave methods are the inaccuracy in locating low
velocity layers or bedrock depth at a given lithological inter{@&aofalo etl., 201®). However,
using other dispersion characteristics such as polarization, elliptiewgvie dispersion curves,
or a large set of ground rdel parametrization can help constrain e profiles and the
uncertainties in the proceg¢blichel etal., 2014) Passive MASWs controlled by the energy
provided by passive sources.strong ambienenergywill provide a strong passive source to be
measured in thield. However for isolated sitewithouta stromg passive sour¢passive MASW

will not beuseful(Baglari etal., 2018)

Data Collection

Thedatafor MASW arecollectedby paositioning equidistanteceiversusually geophones,
on the surface of the ground. The receivame connected to an acquisition system that converts
the signal from analog to digital data and stores the signal for further processing. The signal
recorded bythe receiveioriginatedfrom a source that will excite seismic wave motions over a
range of frequencieJhis source could be actiandbr passiveasmentionedbefore A diagram

of how dataarecollected is shown iffigure2-5.

The field parameters used to collect the data, such as the total length of the survey line and
the distance between the geophones, are very important fprabessing and inversion of the
data. The arrangement of the geophones used for the survey will restrict the part of the dispersion
curve that can be extracted. The distance between the receivers and the array length of the survey

is associated with the arimum and minimum wavelengtk)(that can be collected from the
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survey. The minimum wavelength is approximately two times the spacing of the receivers, and the
maximum wavelength is estimated as the total array length of the survey. The minimum depth of
the profile is approximately half the minimum wavelength, and the maximum depth is

approximately half the maximum wavelengFoti etal., 2018)
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Figure2-5: Diagram of active MASW setufahadewa «l., 2012)

Processing

ForMASW analysisthe data collected in the field is processed to extract the experimental
dispersion curve. Fdhis purpose, the signal is transformed from the-spece domain tarother
domain (.e., frequencywavenumbepor frequencyslowness) to obtain the phase velocity in terms
of thefrequency(Socco etl., 2010) The transformation into frequeneyavenumber involves the
application of &D Fourier transformation to obtain a 2D amplitugectrum of the dat@Gabriels
etal., 1987; Lin efal.,, 2004) The transformation into frequensjowness involves two linear
transformations of the data. The first transformation is a slant stack which results in a wave field
of the ray parametdrmme intercept plane. Then, BD Fourier transforration over the time
intercept is appliedMcmechan, 1981)After the transformation, the dispersion curve of the

fundamental mode is selected for the inversiiime overtone image and tisosen dispersion
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curvefor thefundamentamode are shown iRigure2-6. Also, an example of the constramgiven

by the field parameteis shown in the image.
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Figure2-6: Dispersion Curvéor site TUOlusing SurfSeis Softwal&urfSeis, 2010¢xample
with minimal and maximumvavelengthcorstraints

Inversion

The inversion methods generate a large number of different parameters that are ensembled
to creatdrial soil profiles.Then, hedispersion curve is computed for each one of the solil profiles
generated. This theoretical dispersion curve is comparedhattlispersion curve acquiré@m
the fieldto evaluate how well the model fits. Therefore, sevatprofilescan have a match with
the field dataSuitabledataare measured through a misfit function, among other approaches to

consider thaincertainties of the mode:i.

The inversionstage attempts to find ¥s profile that matches the measured dispersion
curve. Multiple approaches are available to solve this inverse problesaarlymethods used fo

inversion were based on linearizegéthodgNolet, 1981; Tarantola, 1984ndthedamped least
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squares methofHerrmann, 1987)These first approaches could not provide enfigrmation m

the objective functiorand the solutions generated were often related to its local m{Giawechie

& Saccorotti, 2013)Among the most recent approachiee direct search methods have become
widely used in geophysics ihé past three decadé&sxamples of direct search methods include
simulatedannealing Kirkpatrick etal., 1983; Sen el., 1995) genetic algorithmgStoffa & Sen,
1991; Sambridge &Drijkoningen, 1992; Lomax & Snieder, 1994and theNeighbourhood
algorithm(Sambridge, 1999). These methods are basedthe uniform pseudeandom sampling

of theparameter spaq&ambridge, 1999Vathelet etl., 2004)

Results after Inversion

The results obtained from the inversion process for MASW are seMerdk profiles.
EachVs profile is associated with a numerical dispersion curve andfé mwgich describes the
difference between the measured curve and the numenedfigure2-7 shows the results of an
inversion performed on the dispersiame shown irFigure2-6. The inversion was performed
using theopensource software package Geopsy (Geopsy.dittgblue lines in the figure show
all of the inverted mfiles (over 100,000 profiles), while the profiles highlighted in orange
represent the5% of profiles with the lowest misfitThe 25%of the Vs profiles withthe lowest
misfit are in good agreement until a depth of approximately 16 meters, below which there is more
spread between thes profiles. The 25% ofprofiles highlighted in orangdave similarmisfit

values demonstrating theon-unigqueness of the inversion.
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Figure2-7: Vs profilesof TUO1 site. The Vs profiles weregenerated using Geopapdare shown
in bluecolor. The besR5% Vs profiles with the lower misfit are shown in orangsor.

NonInversion

Otherapproachefiave been developed to avoid the demanding computagdioal to
acquireVsprofiles.A norrinversionapproactproposed by.in et al. (2021)s based on the concept
that the phase velocity of surface waves gpecificfrequency is proportional to threveragevs
within onehalf of a wavelength(Vidale, 1964) The method allowsleterminingVsso from the

dispersion curve of the fundamental med#éout the needor inversion

The procedure to estimalésszo is performed through a sequerdeduction methodlt
begins with the division of the upper 30 m into thin layers of even thickness. Then the estimation
of Vs would becomputedfor the first layer from the phase velocity of the surface waves at the

highest frequencyffrom the dispersion curvé@he nextayer is calculated using thé computed
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fromthe previous layerlnd the phase velocity/{) of the surface wavesithin half-wavelengths

of the layeiis calculatedLin et al., 2021)

The methd is based on the relationship shown in the equa&ibrwhich associatethe
wavelength and the frequency at a point of the dispersion curve. After the3@pmpeare divided

into even layers, th¥s of these layers can be computed using the equaton

/== 21

(VR,i(/i)/ 4’ 12- éij'jlvsjq i-1

Vg = ah ¢/2 &h 2.2
j=1 iz

' /,/2
VsjandVs;jas the shear wave velocities of jtreandith layers ij+1) , hj is the thickness

of the jth layer, ana@ is the wavelength of the-Rave reaching within thah layer, VR is the

averageVsin a depth of ondhalf of Rayleigh wavelengtifyis a correction factor expressed as a

function of t hedorPtlheiwsrisaRitiasetal.al®70)o0 ( bas e

For the case where the halavelength is less than the thicknesshef first layer, thé/s
can be estimated using an equattd® When the minimal halfwavelength is greater than the

depth of the upper layergs can be apmximated with the equatic4.

Vo=Vo() b 12 & 2.3

j=1
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After the Vs of each layer is computelfszocan be calculated with the equatibd. The

dispersion curves selected from the MASW are the input for thénwension method.

Lin et al. (2021) applied their proposed approach to five case studies covering typical

geotechnical structures. The first analysis was developed using twoesah sithichVsincreases
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progressively with depth. The second analysis was performed at two real logéatiomsixed
high and lowvelocity layers The thirdanalysis was donen 25 artificial sites characterized by
increments in velocity by deptfihe esimates ofVszocomputed using the nanversion method

were compared td/s3o results from invasive tests and inversion techniques, showing close

agreement.

The noninversionapproachgenerated/s profiles as shownn Figure 2-8, for areal site
near the Kansas Geological Survey in Lawrence, Kafisaset al., 2021) The site showed
gradual incrase inVs, as shownrn Figure 2-8 (left). After the velocity profile is computedthe
values ofVs3o can be acquiredThe results ofVszo applying the nosinversion methodwvere
compared with the results usitige downhole test and inversion techniques, as shioviAigure

2-8 (right). The Vs3o computation using the nednversion methodfalls between the results

acquired using downhole testing aWtASW inversion.
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Figure2-8: Example ofVs estimation aared site: Vs profiles (left), comparison dfszoresults
(right) (Lin etal., 2021)
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2.3.2 Seismic fraction

Theseismiaefraction method is derived from the princighatthe direction oftie primary
waves (longitudinal or compressional wavas)they pasthrough the soil structurie influenced
by thevelocity differencebetweenthe layers. As the waves travel in the stile contrast in
velocity between the layecsiuses a portion of the wave to be reflected and a portion of the wave
to be refracted (i.e., change directiofpe change in the direction of the wave is contrdiiethe
differencei n vel ociti es between t he s(Reynoldsh20lii)asd ar i e s
shown inFigure2-9. When a sourcgenerateseismicenergy some of the waves traveling from
A to B are reflected and some refractédhe velocity of the second lay€Y-) is larger than the
velocity of the first layefV1), the refracted waves travel faster than the other wavese waves
are callechead waves and are refracted at the critical aiyle (f ol | owi ng Snel | 6s |

the ray path from C to D iRigure2-9.
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Figure2-9: Ray paths and time distance curve for two layers separated by a horizontal interface
Xerit IS the critical distangend %rossiS the crossover distan¢&zhar etal., 2019)
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The Rwave arrivals are picked from the tirspace domaimo generag a time-distance
plot to identify the velocity and the thickness of the lay@&itse slopse of the timedistance curve
arebased on the speedtbie arrivals of the ®vave. The velocity of the layers is computed using
the inverse of the slope. The number of slope breaks observed in thdidiarece plot provides
the number of layers in the substructure. The crossover distaregitthe disance in which the

slopes intersect. The thickness of the layer (Z) is computed using the crossover distance.

The seismic efraction methodusually focuses on the first arrival of the waves and
therefore provides ®elocity profile for the primary waveS-wave can also be collected using
seismic refraction with the appropriate equipment that involves horizontally polarized geophones
(Aziman etal., 2016) In the case when only avave velocity profileis acquired this must be
convertedtomSwave through knowl edge or oadhswmtopt i ons
between the and s wave Next, the data collection, processing, and inversion steps for obtaining

Vs profiles from seismic refraction data are described

Data Collection

The data collection for theeismicrefraction methods similar toactive MASWin layout
geometry, so the same array can be used to collect data for betfFtasetal., 2003) The
techniquerequires the active sourcto be triggeed atleastat the beginning anattheend of the
surveyline to observea dipping layer under the soil structukowever, it is recommended that

some shatbe performealongthe survey lingo capture irregular interfaces.

Processing
Thesignal is processed by picking the first arrivals of the seismic watveetrme-space
domain for the inversiofRedpath, 1973)An example of theP-wave arrivalsselectionusing

Seislmager software fro@eometric§2009)is shown inFigure2-10. The Pwave has a small
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amplitude compared with theave and surface waves. Then, the signal needs to be amiglified
observe angick the arrivas. Also, the signal is clippedo the waves with larger amplitude do

notoverlap.
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Figure2-10: Primary wavearrival selectionfor seismicstation Y47A usindseisimager
(Geometrics, 2009)

Inversion

Several interpretatioprocedures for the seismic refraction data are refeiwed the
literature. These methods follow two approaches: ditag and wave front construction. It is
essentiato check the travel timdistance graph and the quality of the data before choasing

interpretation method. Some of the anomalegpuiredto be checked are misplots of tratiehe
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values, velocity/thickness changes in the reaface, topography changasdplanar or irregular

refractors(Reynolds, 2011)

The first methods used to compsgEsmiac ef r acti on i nver si-nms wer e |
method(Hagedoorn, 1959nd thegeneralizedeciprocalmethod(Palme, 1980) Both methods
were developed to analyze irregular interfaces and are basb@ concept of the delay tinoe
time term(Kearey etal.,, 2002) The delay time is the differendsetween a refracting wave
reaching a planar interface and the same wave reaching a sloped interface, as shgume in
2-11. Hagedoorn (1959) proposed the piagus method, whickolves the delay times to compute
the local depths of an irregular refract@ssuming a planar interface between the individual
detectors. The generalizanethod proposed bijPalmer (1980 solves the same probleby
providing a smother solution for the irregular interfagéh more detdiin the solution These
procedurs had poterial advantagesverother proposed methodsich as computational stability

andspeedbecause of the linear equations developed in the computations.
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Figure2-11: Delay time concepiKearey etl., 2002)

New techniques have been developed with the seismic refraction software, including seismic
refraction tomography or modifications/improvements to the past metfdstomographic
method starts with an initial model of the subsoil. Once the initial model is set, the travel times

from the modehrecomputed. Therthetraveltimes of the models arempared with the measute
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travel times from the field. This follows an iterative pro¢essdifying the model until the
difference between the travel times is minimized. The complexity of the imdths process

requiresmore extensiveomputational time.

Results After Inversion

Theresultsfor the seismicrefraction methodire presented in 2D velocity model of the
subsurface, as shovumFigure2-12. The values othe PRwave are computed for each layer of the
soil. These values are converted iM@usingcommon ratios found in the literature. Estimated
Vr/Vs ratios for sandstone, limestone, and dolomite are in the range of 1.6(Rickétt, 1963)

The Vp/Vsratiosfor unconsolidated sediments ranged from 2.0 tqHddath efal., 2020)

Depth (m)
[=-]

126‘8

0 8 16 24 32 40 48 56 64 72 80 88 6 (m's)

Distance (m)
Scale =1/500

Figure2-12: Primary wave velocity results for seismic station Y47A using the software
Seislmage(Geometrics, 2009)

Careful interpretation nesdo be taken when analyzing profilesdue to saturated layers
that might affec/p values while Vs valuesarelessaffectedby changes isaturationStimpel et
al., 1984) It has been investigated that soil under completely saturated conditions, agHhzelow
water table, has values W% that are very close to those of watenensediments are present
Additionally, the identification of groundgater in sedimestis characterized by a sharp increment

in velocity reaching to values between 1,300 to 2,000 fitierefore for these sitesVp/Vs ratios
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need to beincrement to 57 to account for the water effect in the sedimégtémpel etl., 1984;

Grelle & Guadagno, 2009)

2.4INDIRECT METHODS TO ESTIMATE SHEAR WAVE VELOCITY

Indirect method can provide reasonableestimates ols3o when measurements are not
available or cannot be performed. Indirect methods rely on correlations between a property or
characteristic of the sowith a measure 0¥s3s These methods are usually generated in areas
where severalsprofiles are available to gerate the correlations. After the correlations are made,
the method is expanded to other regions and validatedawélableVs profiles The indirect
method presented in this study are tRavave seismogram method, HVSRwWRwve ellipticity,

andproxy methods
2.4.1 P-wave Seismogram Method

The Pwave seismogram method proposed\inget al. (2014)is used to estimate the time
averageVs from the surface to a depth(Vsz) with the initial part of the seismic records. The
method usethe analytical solutions of thewave displacement at the free surface proposed by
Aki & Richards(2002) The expressions correlate teto the ratio between the initial amplitude
of the vertical and radial components of a seismic record s@mahown itheequatior2.5 (Kim
etal., 2016)

Ug _ 2V;pcos]
U, 1-2p%;° o5
UR andU , are the particle velocity at the first peak of thitial Rwave for the radial and vertical

componerg, respectively, at the same tim& is the shear wave velocitg,is the ray parameter,

andj is the reflected SMvave angle, as shown ligure2-13. The vertical and radial amplitudes
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are obtained from the-Wave arrival in the velocity time series. The veloditye series are

obtained by integration of the acceleration time series.

R, !

Hypocenter

Figure2-13. Schematic of the incidentWave and reflected-Bnd SV waves (left) and the ray
path for the simplified crustal structure (right) (after Kim et al., 2016).

The ray parametep) and the anglgcan be expressed as (Kim et al., 2016):

0= sini - _sinj
Ve Vs 2.6
j=sin*(pVy) 2.7

Data Collection

The data collectionf the Rwave seismograrstarts withthe selection of seismic stations
with recorded earthquake activityhe records shall be froBitcomponerg of seismic sensors
North-South, EasWWest, and VerticalThe recordedsignal by the stations can be acceleration
times series or velocityme seriesThe earthquakes selected for this methmdrecommended to
be ina range of magnituddsetween 2 and.5These magnitudesf earthquakes are bettr

estimatingVs at relatively shallow depths because of the short source du(iirmret al, 2020)

Processing
The data processingivolves asa first stepthe correction of the earthquake recording.

The corrections involve instrumental correctiitering of the time series to remove background
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noise of the raw signal, and a baseline correction fitkeng of the signal isisually performed
with a bandpass filter such as a Butterworthefilwith polynomial coefficients and corner
frequenciesThe baseline correction is performedfitod the zerobaseline of the accelerogram
and remove the baseline shifhenthe accelerogram istegrated tocompute velocities and
displacement$¢R. Wang efal., 2011) If the earthquake recording is an accafem time series,
the signal needs to be integrated to obtain velocity time s&afere further processing, the
signatto-noise ratio (SNRheeds to be checkddr each individual component. All signals with
an SNR lower than 2 need to be discardeskuggested biKim et al. (2020, to provide reliable

estimates.

Afterward, the horizontal components of the velocities are rotated, so one of them is
aligned with the azimuth between the epicenter of the earthquake and the seismic Htation
rotation of thesignal generates radiaand tangential componenfghe next step othe Pwave
seismogram methad toidentify theP-wavearrival in the radial and vertical componewf the
signal. The selection of the amplitude is performed first in the vertical component. Then, the
correspnding amplitude of the radial component is selected for the same time as the amplitude of

the vertical componenas shown ifrigure2-14.

Subsequently, the rgyarameter and the angleeed to be calculated@he ray parameter
is estimated from a simplified crustal model, as showhRigre 2-13 (right). A crustal velocity
modéd is acquired for the region in which the station is located, and the ray par&sroetieulated
with the relationship shown in the equati®8. Crustal modls usually have more than two layers.
Therefore, they need to be simplified to a #aper model. The first layer of the crustal model is

assumed as the first layer of the simplified crustal model, providindrhen, the velocity of the
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second laye{p2) is computed as the depiveightedaverage Rvave velocity between the bottom

of the first layer and the hypocentral depthiihe earthquake.

~ 0.002 S :

»E 1 - Radial A0
L2 i —— Vertical /' il
2 0— . : ‘-
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Figure2-14: Time series for the vertical and radt@amponents zoomad for the P-wave arrival
Hawkesbury earthqualad the 16 March 2011 M 4.3 recorded at station CN.QKim etal.,
2020)

X
Dg

2.8

R: andR: are the horizontal distances between the epicenter and the station in the upper
and lower layer of the simplified mod@tigure2-13). D1 andD. are theupper and lover-layer
thickneses between the epicenter and the station in the simplified mdggandVep: are the P
wave velocities of the upper and lower layearespectively.Vp1 and D, are the velocity and
thickness of the first layer of the crustal modkk is the depthweighted average-®ave velocity
between the bottom of the first layer and the hypocentral dBpftis.the difference between the
hypocentral depth arid:. The horizontal distanceR; andR;, are iterated with the limitation that
their sum musbe the epicentral distanc@ubsequently, a value for thangle is assumed, and the

Vsis computed usinghe equation2.5. Afterward, thg angle is calculated again using the values
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of Vswith theequation2.7. This praess is repeated until the difference between the valube of

j angle reaches@ertainlevel of tolerance.

Results
Kim etal. (2016)studied the applicability of this method to 31 statiorth@CENA region
The results applyinthe P-wave seismogram method are in term¥¢f as shown irrigure2-15.
The plot represents the measured values for the multiple recefdmegach station. The caps at
the ends of the boxplot are the minimum and maxinvigavaluescomputed The box is the first
and third quartilesandthe circle and the bar inside the box are the median and mean values,

respectively. The diamond point shows the measured value for each station.

Vsz estimates range from 109 and 3,877 m/s Ndl.MCAR and CN.OTT stations,
respectivelyThe results were compared with other proxy methods and showed less dispersion in
the datausingthe Rwave seismogram methodim et al. (2016)also propose@ correlationgo

computeVszg presented in the next section.
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Figure2-15: Vsto a deptle (Vsz estimated and measured for 31 selected stafldrerizontal
axis shows the stationand the number next to it correspsemal the number of earthquake
events used to estima¥ez Minimum and maximunvalues for the stations are shown as the
extremes of dashed lines, and the 25th and 75th percentiles are the lower and upper values within
the box plot. Mean values are shown as a bar in the ba¥pfotet al., 2016)

Correlations betwee¥isz andVszo

As mentioned before, thés computed with the fvave seismogram method characterizes
the timeaverage velocity from the surface to a particular degisz). ThenVsz estimates need
to becorrelatedo Vszg Two correlations were proposed Kiym etal. (2016) The first correlation,
calledVszcorrelation, is betweeXsz andVszofor glaciated and noeglaciated regions, as shown
in the equatior2.9. The second correlation, the amplitude ratio correlation, is an empirical relation

between the ratio andssg as shown in the equati@iO.
logVsy=C, ®logVs, & 29
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l0gV3,=0.4837IqU , U ) +6.975 510

o

The coefficientsco, ci, and U can Kmetal. l§201®%)and elepend ondhe
classification of the region (glaciated, nglaciated) and the depth ¥&z The depthz can be
estimated as the product of tkiez multiplied by the pulse duratiotf, z =, Usz This duration

was recommended as 0.1 s(Bym etal., 2016)

Several authoréKim et al., 2016; Zalachorist al., 2017; Miao e#tl., 2018; Kim efal.,
2020; Kang etl., 2020)have applied the method with good agreement between the estimations
and thdan situ measurement$Some of them even proposed local correlations fosttaty region
Zaachoris etal. (2017) applied the Rvave seismogram method with ddtam 251 seismic
stations in Texas, Oklahoma, and Kansas. In this study, they classified the stations according to
the geologic age of the site using Barker etil. (2017)classification to compare the estimations
acquired from the ®vave seismogram method. They found that\teg estimates by the-Rave
seismogram method, in generakre larger than the proxy methaxcept forthe stations located

in Mesozoicage

Miao etal. (2018) estimatedVs using the Rvave seismogram method for tiéban-
Kyoshin network (KikNet) in Japan. They analyzed 298 seismic stations and generated
correlations betweeNszoandVsz for Japanas shown irthe equation2.11. Kang et al. (2020)
developedin automated procedure based on theal?e seismogram method to estimdgén 630
seismic stations ahe KiK-Net in Japan. This study accomplished an automatization of all the

steps required to compuig, includingdetectingP-wave arrival.

logVs,=0.38961{U , U ,) +6.859 2.11
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Kim et al. (2020) applied the Rvave seismogram method to 50 stations in Korea and
validated the results with measurements. The validated method was thanlk®dtations where
Vs measurements wereavailable. The Rvave seismogram method has not yet been applied to

less seismically active regions like Alabama, where feagegmic recordare available.
2.4.2 Horizontal To Vertical Spectral Ratio (HVSR)

The HVSR(or H/V) methodis a fast and popular technique for site characterizafioa.
HVSR method al so known as the ANakamura method, O
frequency of the ground motioaffected by a surface lay@akamura, 2019)r'he theory behind
the techniqueproposs that the ground motion amplifies the horizontal componeet the
fundamental fquency while the vertical component does n@isgiencesignificantamplification
(Hassani & Atkinson, 2016HVSR is a pactical method becaustecanbe computed with only
ambient noise recordings atsingle stationwhich is especiallyuseful for locations witlout
seismograph equipment already installed on theasiteslatively short recordings (~30mnhcan
be used to et HVSR resultsin cases wher# is difficult to performanother type of testing due to
difficult access, dense vegetationdenseurbanenvironmerd, HVSR can provide aeasonable

estimate for site characterizatibonSt anko & Mar kugi I, 2020)

The HVSR method is usually applied in microzonation studies and local response
investigatios. However the method has demonstrated limitations in cases where there are very
low resonant frequenciekover than 5Hz) in thickedimentary structurésachetl & Bard, 1994)

In the presence of complex basin structuites challengingto relate the amplificationfdHVSR
to the subsoil structure, asthe case ofhe Nari basin in KoregChavezGarcia & Kang, 2014)

Nearsurface explorations found similar resulh theBaoding area of Hebei Provinc€hina
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(Wei-Jun etal., 2011) This study concludithat HVSR curvesauldbe affected by environmental

conditiors such as wind, topographgnd neaistation transient sources.

The peak of the HVSR curve is associated with the resonant site freqfieararid the
amplification (Apeay Of that frequencyYilar etal., 2017; Nakamura, 201 YaghmaeiSabegh &
Rupakhety, 2020HVSR provides the fundamental mode of the site; however, this parameter can
also be correlated wittiszovalues through empirical correlations generated fronvébsdatabase.

For a singldayered system, the fuathental frequencyday can be associated with the thickness

(H) of the surface layer and the velocity of the/®ve {/s1) with the equatioR.12 (Kramer, 1996)

V,

foea= > 2.12

The Site EffectSassessment usingMbient Excitations (SESAME) European research
project developed some geithesfor the implenentation of the HVSR technique on ambient
vibrations. The guidelinesovered how the measurements need to be taken, the processing of the
signal and the interpretation of the HVSR curv&ecommendations from the guidelines were

extracted and summarized from the document and included falliwsing sections.

Data collection

The HVSRrequires ahreecomponent (NortfSouth, EastWest, and Vertical) seismic
sensorThe signatan beacquiral from earthquake ground motios ambient noiseThe duration
of the record needs to be considered according to the minimum expected frequency peak of the
HVSR curve which is shownin Table 2-1. Also, it is recommendeadhot to use a single

measurement poi to record at least 3 points.
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Table2-1: Recommended recording duration according to expected frequenc{SESKME,

2004)
Minimum Expected b Recommended minimum

(Hz) recording duration [min]
0.2 30

0.5 20

1 10

2 5

5 3

10 2

Someguidelinesprovided bySESAME (2004Yhat should be considered whaequiring
the dataare summariziin this paragraphThe sensors required to be installed directly to the
ground forin situsoil-sensor coupling avoiding if possible soft grounguchas mud or tall grass.
Avoid soft materials such as rubber or cardboard if an artificialsepisor coupling is requole
Nearby structures canfluence the HVSR curves, she measurement should be avoided near
buildings, trees, munderground structures. Additionally, weather conditions should be indicated
when taking the measurements, avoiding measurements under ra@avgnd protecting the

equipment under fast wisd

Processing
Once the signal is acquiretthe typical process includalividing the signal into shorter
time windows An antktrigger algorithm can be applied to the data to avoid transient (Rase,
1999) The antitriggers select only the windows where a ratio between-¢tiont average (STA)
and longterm average (LTA) is under a given value. Additionally, a threshold can béusenld
drastic variations in amplitude. The threshold defines the amplitude level tolerated for each

window, discarding the data that did not fulfill this requirement.
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The horizontal components of the signal NeBibuth and EastVest need to be combined
to obtain the horizontal spectruithe combinations availabs&esquareaverage, total horizontal
energy, and directional energnce the horizontal components are combined, the amplitude
spectrum is calculated for each windamd the horizontal and vertical components are divided.
Smoothing the spectrum is recommended to avoid false peaks generally associatnith
troughs ofthe vertical component spectry®ard, 1999) Several smoothing types are available
such askonno and Ohmachi smoothir{lonno & Ohmachi, 1998)Constant Smoothing, and

proportional smoothing.

Results

The resultacauired aftemprocessinghe HVSR curves are shownhigure2-16. From the
image, 13 windows were selected from the data, showdifferent colors, and each one of ¢ko
windows was used to compute an HVSR cuAgobserved ifrigure2-16, each curve has a peak
of around 2 Hz with differenamplification An average curve isomputed from all the HVSR
curves, and the standard deviatiopiisvided for the peak aramplification valuesto be used in

further analysis.

The results from the HVSR curves need to be checked to fulfill the requirements provided
by SESAME guideline4SESAME 2004) The criteria for a reliable H/V curve and a clear H/V
peak are summarized Figure2-17. The guidelines ensure the reliability of the HVSR curve by
constraining the minimum number of time windows used to compute HVSR curves, limiting the
minimum number of significant cycles for each time window, and tamimg the standard
deviation values around the fundamental frequency under specified boundaries. The criteria for a
clear HVSR peak are achieved if at |€ast of thesix criteria are fulfilled. The clear peak criteria

limit the amplfication of the pak at the fundamental frequency and surround this value and the
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amplification with respect to other curve peaks. Also, the standard deviation of thdicatipl

and highest frequencies need to be bell certain thresholdasspecified inFigure2-17.

File Edit |nsert Format Tools

Average MV

PR RS i I TR e R 1k T
- Frequency (Hz) =l
: | (1>

B e o e e T T T T T T LR
s 00:01:00 0D:02:00 00:03:00 0D:02:0 00:05:00 00:06:0
Time

Figure2-16: Windows selected in the signal atte HVSR curve from Geopsy software
(Wathelet etal., 2020)
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Criteria for a reliable H/V curve

i) fo>10/1y
and

i) n. (fg) > 200
and

iii) oa(f)<2 for 0.5fy<f<2f, if f0>0.5Hz
or oa(f)<3 for 0.5f<f<2f, if 10<0.5Hz

Criteria for a clear H/V peak
(at least 5 out of 6 criteria fulfilled)

i) 3T e [fo/d, fo] | Auv(F) < Ay/2
i) 3F e [fo, %] | Auv(F*) < Ac/2
iii) Ag > 2

V) fpear[Anv(f) £ oa(f)] = fo £5%
v) ot < e(fo)

vi) oa(fo) < 0 (fo)

* |, = window length

* n,, = number of windows selected for the average H/V curve

*n.=l, . n,. f, = number of significant cycles

» f = current frequency

* foeneor = SENSOr cut-off frequency

» fy = H/V peak frequency

* o; = standard deviation of H/V peak frequency (fy + o)

* ¢ (fg) = threshold value for the stability condition o < £(fy)

* Ay = H/V peak amplitude at frequency f,

* Ay (f) = H/V curve amplitude at frequency f

» f = frequency between fy/4 and f; for which Ayny(f) < Ag/2

« f* = frequency between f; and 4f, for which A, (f") < A2

* g, (f) = "standard deviation" of Ay (f), o, (f) is the factor by
which the mean A.(f) curve should be multiplied or divided

* G,y (f) = standard deviation of the logAy,(f) curve, G,y (f)
is an absolute value which should be added fo or subtracted
from the mean logAq(f) curve

= 0 (fy) = threshold value for the stability condition oa(f) < 8(fg)

* V. ., = average S-wave velocity of the total deposits

* V. i = S-wave velocity of the surface layer

* h = depth to bedrock

* hyin = lower-bound estimate of h

Threshold Values for o1 and oa(fo)

Frequency range [Hz] <0.2 0.2-05 05-1.0 1.0-2.0 >2.0
e (fo) [Hz] 0.25fy 0.20 fy 0.15fp 0.10f, 0.05 fy

8 (fy) for o (fo) 3.0 25 2.0 1.78 1.58

log 6 (fy) for Siagry (o) 0.48 0.40 0.30 0.25 0.20

Figure2-17: Criteria for a Reliable H/V curve (left), criteria for a clear H/V peak (right)
(SESAME, 2004)

Correlations of k5 with Vszgmeasurements

Several autharhave sughtrelationshipgo correlate HVSR parameteis,fakandfpeay to
Vs3es Ghofrani & Atkinson (2014 used the international Next Generation Attenuaidest?
(NGA-West2) database along witiie Japanese databaq&-NET and KiK-NET) to generate a
correlation beweenfpeakandVsso The correlation used all the events recorded between the years
1996 and 2009Ghofrani & Atkinson (2014) proposed correlatiamsngthe HVSR parameter
(Apeakandfpeal) separated and with a global model incorporating patlametersas shown irthe
equation2.13. Thestandard variationf this method for the correlation usifigakwas computed

as1.45 For the relationship usg Apeak the standard deviation waalculaed as 1.14, and for the




global model was 1.41The correlatiors examinedthe regional variability between HVSR

parameters andsso

l0g,6(Ves)=2.5¢ 0.0} €.20 0.92 log f,.,,) f oo H2
l0g,,(Viszo)=2.86 0.0% 0.46 0.02 log A,..,) 213
l00,6(Vez)=2.8 °0.03 0.6 0.02 logf,..) 0.60 0)3 IgkA ..)

A new proxy méhod to measur¥ssofor CENA was developed bilassani & Atkinson
(2016) The proxymethodwas createdsing5,783 threecomponent ground motions of tNEA-
East databasé\s shown in the equatidhl4, a bilinear equation was used to estiméie The
standarddeviation of the method i5.38 The results showed thitakcould be used aaproxy to
estimate values 0fszoin CENA with loweruncertainty valuethanother proxy methodsuchas

topographicslopeandsurface geology proxy.

£2.2(° 0.04 +0.68 .06 log( f .., f >2Hz
loglO(VSSO)ij? 2( A) (3 ﬁ qg( P k) 2.14

|0910(25() f¢2Hz

Another correlation was proped bySt ank o & Ma rTherglatibnship 2d@s2 0 )
developedy collectingmicrotremor data with a thremomponent tomograph in Croatia. A total
of 244 HVSR curves were used over the study area. The HVSR measurements were correlated
with geophysicaimeasuremen{®ASW andseismicrefraction) taken near or at tbgactiocation
as the microtremor dataere collected.The study proposed empirical correlationsMggo for
different frequencyranges, as showim the equation2.15. The authors of the study emphasized
that the results of this stuayn be appédto regions with the same characteristics eaagnot be

generalized totherares.
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In(Vsso)=IN(208 °2Q f, Hz
IN(Vsy)=5.34 0.9 0.4¢ 0©.15 If) Hz f, ¢ Hiz¢ 2.15
In(Vs5,)=In(600 80 1Hz § 36Hz

2.4.3 RayleighWaveEllipticity

The elliptical movement of fvaves can becharacterizedas the ratio between the
horizontal and grtical axis of the elliptical wave motioithis parameter is called ellipticitgnd
it is a function ofthe sitefrequency(Hobiger et al., 2012)A common wayto computethe
ellipticity is the HVSR techniqueHowever, a signal usually contains other surface wauehas
L-waves. l.waves particle movement is performed only in the horizontal plErerefore if this
wave hassignificant presence in the signtle ellipticity is overestimatedHobiger et al., 2009)
The R-waveellipticity can be computed after separating thev&e from the rest of the signal.
Several methods are available for performing this separasatiscussed in the signal processing

section.

The Rwave ellipticity shows singularities whersttong impedance contrast (B®) in
the subsoil is presenteaind the energy of the vertical componeissipategWathelet, 2005; van
Ginkel et al., 2020)In a signal that only contains-WRaves, the theetical curveshould have a
peak at the fundamental frequency of tite and a trough at higher frequencias shown ifrigure

2-18 (Malischewsky & Scherbaum, 2004; SESAME, 2004; van Ginkal.e2020)

The ellipticity curve with multiple peaksan be mterpreted as higher modes at some
frequency ranges indicating the presence of layers with low velocity, but also can be understood
as several strong impedance contrasts in the substructure of tfi¢okiger etal., 2013) TheR-
wave ellipticity provides information for the relative shape of the velocity préfidevever, for a

given soitstructure model, if the same factor is used to scale the wave velocity and the depth, the
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ellipticity remains the sam@obiger etal., 2013) Therefore numerous authors have concluded
that the ellipticity curve by itself cannot provide\& profile. Instead, it has to be combined with
ot her methods, such as surface waves (Lovebobs
of the ellipticity curve needs to be constrained by limitinghiekness of the layers or the velocity

of particular layergBonnefoyClaudet etl., 2008; Hobiger, 2011; Hobigerat, 2013)
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Figure2-18: R-wave ellipticity airvewith singularitiegHobiger et al., 2013)

Data collection

The data collection process is very similar to the HVSR methadh\re ellipticity require
a threecomponent (NortfSouth, EastWWest, andVertical) seismic sensor. Usually, ambient
vibration recording are used for processinghedata collectiorcan be performdusing a single
station measurement or array measuremBmagending on theumberof sensasemployed in the

field, the methods foprocessing differ. The recommendations providg&ESAME (2004 can

beappliedto the data collectian
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Processing

Different methodscan be used to cqmte the Rwave ellipticity. The technique used will
depend on the number of sensors available for measurefleese methods can be separated into
singlestation and array measureméathniques Singlestation methodsaim to identify the R
wave inthe signal or suppress the other wayescepting HVSR) while multiple sensor
techniques inteshto extract the wave polarizatioBtandardsingle station techniques are HVSR,
Horizontal to vertical Timd-requency Analysis (HVTA), the Degree of PolarizatiDOP), the
Direct ELlipse Fltting DELFI), andthe random decrement technique (RayDAn)ong the array
measurment techniquesare the Poggi anddR method(2010) and theMUSIQUE algorithm
Several other methods are aghik in the literatur€i.e.,Marano etal., 2012; Poggi &dl., 2012;

Tanimoto etl., 2013; Workman «dl., 2017)

TheHVSR method was reviewed in the previous section.HWEFA method reduces the
influence of the horizonteéb-waves by identifying compressional and vertical shear wavelengths
in the signal Afterward,the HVTFA computes the spectral ratio only for those identified waves
(Fah etal., 2009) The DOP method calculates the ellipticity by measuring the stability of a signal
with an arbitrary degree of polarizatiiRotouhimehr eal., 2021) DELFI method estimatethe
ellipticity of the Rwave by fitting an ellipse to the filtered dgtdobiger, 2011) This method is
performed in 2 steps. The first step is identifying the vertical plane in which the signal is @pnfine
and then the signal is projected in a 2D plane. The second step is fitting an ellipse to the signal
projected in the 2D plandhe RgDec method measures the ellipticity of thevBves using a
single seismic sensor based on the random decrement tecf@amae1971; Asmussen, 1997)
RayDecapplies statistical means to highlight thevBves and suppresswavesand bog waves

from the signa{Hobiger, 2011) The ellipticity computation using the RayDec technique showed
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better agreement with thibeoretical Rwave ellipticity curve than the ongsovided by HVSR

and DELFIcurves(Hobiger etal., 2009)

For array measurementsiet Poggi and & method is an advanced version of the high
resolution frequecy-wavenumber (HRFK). This method is basedlmassumption thahetrue
power amplitude of the signal is represented in thecfossspectrum maximgPoggi & Fah,
2010) The MUSI QUE met hod was generated from
MUItiple Signal ClassificatioMUSIC) and the quaternieMUSIC. This method used &vo-
step process to compute thevave ellipticity. The first step ussthe classical MUSIC metid to
identify the azimuth and the velocity of the incoming wave. The second stefhespiaternion
MUSIC to estimate the polarization parameters of the weegarang the noise from the signal

to estimate the signal paramet@tebige et al, 2009)

Results

A comparison of th&-wave ellipticitycomputatioris shown inFigure2-19from the study
perfamed byHobiger etal. (2009) A synthetic seismic ambient vibration signal of 620 sesond
duration with random orientatiomas usedThe Rwave ellipticity was computkusing theHVSR
(labeled as H/V irFigure 2-19) and the RayDec method. The results using each method were
computed for 60 seismic sensors. Then the average curikeaedor range were compared with
the theoretical ellipticity curvél heresultsof theH/V technique showed an overestimation of the

ellipticity compared tdhe RayDec method.
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Figure2-19: R-wave dlipticity curves usingHVSR (left) and RayDec (right) methodBhe
theoretical ellipticity curve is plotted in bladke ellipticity curve computed using the methods
is in blue, andheerror range ishownin blue color Hobiger efal., 2009)

Joint Inversion oBurface waves and Ellipticity

As mentioned beforehé Rwavwve ellipticity curve can beombinedwith other techniques
to constrain the bedrock defthouveia etl., 2018) Hobiger etal. (2013)investigate Vs profiles
using a joint inversionf the R-wave ellipticity curve and the dispersion curve from surface wave
analysis (MASWand SPAC)An exampleof this implementation is shawin Figure2-20. This
study analyzedthe influence ofR-wave ellipticity that was used to perform the inversion and
acquirethe Vs profiles for theoretical dataThe ellipticity curves analyzed in this study were
significantandwithout singularitiesn the curveln general, lie results showetthe beg fit when
the right flank of the ellipticity curve was wusdn the casavhere thecurveexhibitedsignificant
singularities, the best model was acquired when the trahghowes point of the curvewas not
considered for analysid.no singularities were detected in the curve, the best model was computed

by selecting from the peak to the trough for joint inversion.
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Figure2-20: Joint inversion using fvave ellipticity with SPAC metho&PAC curve (left)
ellipticity curve (center left)dispersion curves (center rightihdVs profiles (right) The data
points used for the inversion are shown as black dots, the curvegpoodes) to the true model
as solid linegHobiger et al., 2013)

2.4.4 Proxy Methals

Proxy methodsre another approach to obtastimate®f Vssowherein situmeasurements
are unavailable. The proxy methods are based on correlations betveasaredvszo with a
physical characteristic of the siteuichasthe geology, the topographg&tope,and the terrain
classification, among others (e.g., surface geoldggdamental sitdrequency geotechnical
categories Most of these methods are generated in active seismic segiogre sufficient
measuremestof Vszoare available to generate the correlations required. Then, the methods are
expanded t@therregions to generate estimatesvgés Many proxy methods are available, but
this study will focus onthe most commonly availabl@roxy methods These methods wes
reviewed and evaluatddr the PEER NGAEast DatabasgGoulet et al., 2021)o evaluate the

relative efficacy bthe differentproxy-based estimations &szo

The terrainbased proxy methogroposed byYong et al. (2012) used the terrain
classification performed biwahashi & Pike(2007) The terrain classification is based on the

taxonomic criteria of the site, such as slope gradient, local convexity, and surface Txtgee.
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taxonomiccharacteristics are the manifestation of near surface gealudgilow to predictthe
materialproperties that have darge influence in site conditions and amplificatiStope gradient
is the most important parameter in terrain classificatioa to its significant role controlling the
geomorphologic process. Local convexity helps to differentiate inreifféowrelief features, as
alluvial fans, flood plains, among othe®&uirface texturés related to the ridges and valleys which

can be associated with the relative ages of the sedimentary deposits
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Figure2-21:Terrain map fothe United Stateglwahashi & Pike2007)

The terrain classification performed Iahashi & Pike(2007) involves 16 different
terrain types. The terrain types were identified using digital elevation models with 1 km spatial
resolution (30 arcsec) Shuttle Radar Topography Mission (SRTM30). The authors used the Next
Generation Attenuation (NGA) strong motion aladse to acquirészovalues from measured and
inferred values. The terrain classification was applied to California and then correlaté&@ayith
values.The study was then extended to ttmntiguous United Stated®\ map with the terrain
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classification fo the United States is shown kigure 2-21.The only terrain group without any

values associated was number 13, as showigure2-22.
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Figure2-22: Plot of mearVszovalues for the terrain types, no estimate is provided for terrain
type 13 Yong etal., 2012)

Parker et al. (2017) developed the hybrid sigpelogy proxy methodsingCENA data
Themethodcategorized different s$into 18 groups based on the geatogra of formationThe
classificationdesigred byParker efal. (2017) separatethe geologic eras into different groups,
and then the groups are broken down into sikidns by geologic period and epoch when
possible as shown iMable2-2. The groups were thenmelated with seismic velocities acquired
from measuremesperformed in CENA. A database of755 Vs3ovalues was compiled for this
study.After the classification was performed, the authors analyzed the wsissemilog and

log-log regressions with the topographic gradient metRadiationships were developed fons®
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of the groupsas shown imable2-2. An example of the trends developeddoeof the groups is

shown inFigure2-23. Note the significant scatter in this data for a given slope.

Table2-2: Summary of ProposedssoEstimation Procedures Based on La8pale Geologic
Maps, Wisconsin Glaciation, Location of Site in a Basin, and Topographic Grdeéakef et

al., 2017)
Category* Group Moments Gradient Relationship
Semilog Log—Log

Group FEra Period Epoch Wisconsin Glaciation? Other Criteria Ny mfs) oy ¢y ¢ cy c3 Oy
1 C Q H No Alluvium, fluvial, and deltaic 308 210 0.23
2 C Q H No All other lithology 183 221 0.29
3 C Q H Yes In Ottawa, Canada 981 232 0.67 5.38 9.30 0.67
4 C Q H Yes Not in Ottawa, Canada 51 308 0.72 747 0295 0.67
5 C Q Pli No 284 271 036 547 314 0.31
[} C Q Pli Yes Till in Ottawa, Canada 104 777 0.57 0651 224 056
7 C Q Pli Yes Other in Ottawa, Canada 60 377 0.65 720 0.22 0.63
8 C Q Pli Yes Not in Ottawa, Canada 63 448 0.65
9 C Q U No Not in sedimentary basin 154 296 043 621 0.09 041
10 C Q 8} No In sedimentary basin 151 280 0.29
11 C Q U Yes Not in sedimentary basin® 60 209 031 528 247 0.29
12 C T 111 315 0.31 6.07 0.059 030
13 M 20 822 0.68
14 P In the Illinois basin* 5 513 0.23
15 P No Not in the Illinois basin 96 6384 0.61
16 P Yes Not in the Illinois basin 76 972 0.77
17 pE 37 699 0.85
18 pE Site visit; hard-rock confirmation 2000

*C, Cenozoic; Q, Quaternary; H, Holocene; Pli, Pleistocene; U, undivided; T, Tertiary; M, Mesozoic; P, Paleozoic, p€, Precambrian.
fCan be applied for within-basin sites with increased epistemic uncertainty (category unpopulated).
“Because of the small population size, the mean and standard deviation carry a larger degree of epistemic uncertainty than for other groups.
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Figure2-23: Vs3oas a function of 30 arcsec topographic gradient for grotaikeér etl., 2017)
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The topographic slope method, proposedVWggld & Allen (2007) is basedon the
hypothesis that the topography of a site shares similarities with the geology, specifically the slope
of the topography. Then, this relationship can be used to provide an estimate of the seismic hazard
of the site. The first step of this analysis was to develop correlations between thesgfcsd
topographic data with th€sso measurements in seismically active areas. The analysis was then
repeated for stable continental regions, and then it was adsiaitethe correlations could be

applied to areas with limitedszomeasurements.
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Figure2-24: Estimated siteondition map for the continental Unit&thtes east of the Rocky
Mountains, derived from topogphic slope and slop¥ssocorrelations for stable continental
regions Wald & Allen, 2007)

The topographic slope was acquired using the Shuttle Radar Topography Missien 30
(SRTM30) global topographic data ¢Earr & Kobrick, 2000) A map of the estimatedszovalues
for the eastern United States proposed\tald & Allen (2007)is shown inFigure2-24. Among
the limitations of the method is the deficient prediction of geological conditions in which the
topographic slope cannot predict the composition of the geologic materials, such as unweathered

volcanic plateaus or fldying carbonates.
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The surface geology proxy method proposedbitke et al.(2012)compied a database
of 1930 measured and inferrgdsovalues in CENA to develop the surface geology methbe
methoddivided CENA irio geologic classes are based on setting (i.e., glaciated ajlacated),
age, and depositional environméKbttke, 2012) Threemajor geologic classeare identified in
CENA (glaciated, nomlaciated, and residual sail3hen, the major units we subdivided
generating 19 different geologic classssshown in the majigure 2-25. Eachgeologic class
was correlated witN'szovalues as shownn Table2-3. However, some of the geologic classes had
few Vsaomeasurements available to generate reliable correlaiodonlynine of them could be

correlated to &/s3ovalue.

Geologic Classes
[ NC 3 YGm [ YNa
3 OGm = YGo 3 YNe
Hl 0Go H YGt Il YN
Hl OGt Hl YGd E YNm

YNs 1 ONa
RRm B ONc
RRs HE ONI
RSs Hl ONm

1l

Figure2-25. Map of the geologic classes for CENKottke, 2012)
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Table2-3: Geologic classes for CEN@&ottke, 2012)

Major Unit Sub-unit Abbrev. Thick. | Seil Mean | o,y
(Age) (m) Class Vaa (m/s)
(m/s)
Old Glacial Sediments | Glaciomarine and Lacustrine OGm 9 ONm | -- -
((?_Id.er th_an Outwash and alluvium 0Go 7 ONa - -
Wisconsin)
Tills OGt 16 ONa -- -
Young Glacial Glaciomarine and Lacustrine YGm 8 YNm | 520 0.53
Sediments Outwash and alluvium YGo T YNa | 470 | 0.67
(Wisconsin
and younger) Tills YGt 16 YNa 300 0.45
Discontinuous Till YGd 5 YNa 1050 | 0.39
0Old Non-Glacial Alluvium ONa -- -
Sediments -
(Mid-Pleistocene Colluvium ONc - -
and older) Loess ONI 250 | o.11
Lacustrine, Marine and Marsh ONm 290 0.22
Young Non-Glacial Alluvium YNa 220 0.14
Sediments Colluvium YNc - -
(Holocene
and late Pleistocene) Loess YNI - -
Lacustrine, Marine and Marsh YNm 230 0.12
Beach, dune, and sheet sands YNs 210 0.18
Residual Sediments Residual from metamorphic and igneous rock | RRm -- -
Residual from sedimentary rock RRs -- -
Residual from soils RSs -- -
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CHAPTER 3 METHODOLOGY

3.1INTRODUCTION

This chapterdescribs the methodology used to compute and estinvatefor the current
study. The methodsdescribed in this chaptare noninvasive methodslassifiedasdirect and
indirect methodsThe location of theeismic stations argitesanalyzed in this study are shown i
Figure3-1. From the figurethe locations are separated ithiesitesand seismic stations iahich
direct method were applied and the seismic stations where only indirect methods were applied.
The Vszpomeasurementisom direct methodsf the sitesand seismic stationsereperformedfor
this studyandcollected from publicly available report&n emphasis was placenh sites where
seismic stations were currently located or previously located to allow for comparisons between the

seismogranbased approaches and the other methods.

Directmethod were applied t@5 locations 11 of them were measured by this studgd
four of them were collected from publicly available repa@isthe 11sitesmeasured by this study
five are locatedn the same site dermer seismic statiogor very close tadhem The four sites
and seismic stationsollected from publily available reports are BLF1, AFBM, SWET, and
LRAL. Thedirectmethod applied toeachsite and seismic statioaresummarized imable 3-1.

The results computed usitige direct methods are shown in Chapter 4.

The indirect methods were appliedatibthe sites andeismic stations located in Alabama
and close to the border in neighboring stéfemnessee, Georgia, and Florida), as showigiare
3-1. A total of 56 seismic stationsndseversiteswere selected for this studly apply the indirect
methodsOf the 56 stations, 1dre operative to this date, four have been activenfore than ten
years, and the restere recordedfor shorter periodsvarying from 1 month to several years.
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Several of the stations found in the statere part of the USARRAY/Earthscope projdaetails
about the stations used in this study can be fau@hapter 5, including a summaryTiable5-2.
As mentioned beforemany of theindirect methods required ac®mponent seismic sensor
Therefore, the data required to estiméggowas retrieved from seismic station recordingise
datawereobtained directly from the IRIS Database web services usingreseries v.1&IRIS,

2021)

Table3-1: Geophysical methods applied to the seismic stations and sites

Site/_ MASW MASW Seismic Other

Station Active Passive Refraction

ASEL X X X

TUO1 X X X

SR21 X X

SR219 X X

ANO1 X X X

BLF1* X

AEBM* P-S Suspension
Logging

X50B X X X

S1AL X X X

S2AL X X X

Y47A X X X

X48A X X X

BO1X X X X

SWET* MALW -SASW

LRAL* SASW

* Sites and seismidations collected from publicly available reports
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Figure3-1: General location of seismstations and sites analyzed in this study.
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3.2DIRECT METHODS

The direct methods used in this study were MASW and seismic refraction. The MASW
methodincluded both active and passive measurements where possible. Also, in this section, a
nor-inversion approach is described to compige. For thesenethods a detaild description of
the equipment used is presented. Descriptions of the data collection, the processing parameters,
and the software used to compute the results are also provided. As each site has its own
characteristics, some data acquisition and procegsiragneters were adapted to retrieve reliable

results. These specific parameters are described in the next chapter (Chapter 4).
3.2.1 Multichannel Analysis of Seismic Waves (MASW)

Data Collection

The data collection for MASW surveys was performed using verieaphones, brand
R.T. Clark and Geostuff, with a natural frequency of 4.5 Hz. The geophones were connected to a
Geode seismic recorder manufacturedthsGeometrics companyl.he equipment is shown in

Figure3-2.

Figure3-2: Vertical geophone (left) and Geode seismic recorder (right)
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The active seismic survey us2dl or48 geophones arranged in a linear array wipacing
of 1 or 2m, obtaining a survey linkom 23m to 94 m depending on the site characteristitise
data were recorded with a sampling frequency,0d@ Hz for 1.5 secondsr the active survey
The active source was a sledgehamBrand 90 Newtondpcated at the beginning and the end

of the survey lingand three to five shots were recor@tdachposition.

The passive seismic survey used 24 geophones positioned ghape array with an angle
of 90 degrees or a linear arraginga similar location as the active survey. The geophones were
spaced 5m apart for a total array length dfl5 m. The data were recorded with a sampling
frequency of 250 Hz for 24R60 seconds. Several measurements were performed to achieve a
total recording time of approximately 30 mirA summary of the parameters dge collect the

data forthe passive and active seismic surven ba found inTable3-2.

Table3-2: Parameters used for geophysical seismic sgrvey

Active Passive
Number of Geophones 24-48 24
Spacing 1-2m 5m
Array Linear L-shape / Linear
Survey Line Length 2394 m 90m
Sampling Frequency 2,000 Hz 250 Hz
Record Length 1.5s 240-260s
Source Sledgehammer Ambient Noise
Number of records 35 7-8
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Processing

The data collected for the active survey was processed using the softeapsyG
(Wathelet etal., 2020) opensource software for geophysical research and applicationslafae
wereprocessedusingh e t ool Al i near .Hisefla2D tramsform twvcenvertx p e r i
the data to the frequency domain and obtainedptiese viecity dispersion curve for each
recorded shofWathelet, 2008)One dispersion curve was handpicked for each shot performed at

the site to proceed with the inversion

The data collectedor the passive survey was processed using the SurfSeis software
developed by Kansas Geological sury®urfSeis, 2010)The softwaregathersthe information
from all the recorded files and combines them to calculate the fundamental mode from the
dispersion curve of the phase velockgr some of the siteso dispersion curve could be observed
from the passive datAs mentioned before, the use of passive MAS\fVethels on the energy of
the passive sourcevhen the site igsolated,there is not enouglenergyto capture by the
equipmentThereforefor these siteonly active datavereused For the sites in which a dispersion
curve could be observed from the pasgiecordings, the overtone images (phase velocity versus
frequency) were combined in SurfSeis software. From the combined file, the dispersion curve of

the fundamental mode wasnetred and used for inversion.

The phase velocity dispersion was computgdgia minimal distance of the source of 20
m to avoid neafield effects, which cause distortions in the phase velocity estimation (Foti et al.,

2018).

Inversion
The inversiorgenerates 1D Vs profile that will be positioned in the middle of the array.

Afterward, the selected dispersion curves were imported on Dinver software. This software solves
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the inversion problem through a random process that gen&tapesfiles based on parameters
provided by the user. Then, the software computes the dispexsioes for these profiles and
compares them with ¢ise measured on the survéy compute a mismatciCommonly many
profiles will have a similar level of mimatchto the provided curveSnce the solution is not
unique, the softwareutputsdifferent profileswith their corresponding mismat¢Wathelet etl.,

2020)

Each site had multiple dispersion curves from the different shbesdispersion curves
from the survey werérst resampled with Dinver softwafeom Geopsy package improve the
smoothness of the cuev Afterward, an average dispersion curve was computed to perform the
inversion.The main goal of the inversion is to provide a good model that fits the Fetattéhis
purpose over 10Q000 models weresimulated for each site This numberprovides good

convergene for data inversion@Hobiger efal., 2013)

NonInversion

The norrinversion approach used the same dispersionedhat was used for inversion,
the average dispersion curve from the shots acquired from active measurements. This dispersion
curve was the input to computeszs The code to calculate tMesoprofilesis a MATLAB function,

and it wagprovided byS. Lin (personal communication, Jung2®21).

3.2.2 Seismic Refraction

Data Collection
The data collection faeismicrefraction surveys was performesing the same equipment
and array as the active MASWhe datancluded several shots alomgth the array atdistance

of 3 to 10 mfrom the end of the survey line
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Processing

For theseismicrefraction methodthe datawere processedn the Seislmager package,
(Geometrics, 2009)n the softwarethe file is read and displayed on the scrédre screen can
be adjusted to observe the first arrivals ofRhegave. The traces were normalized to the maximum
amplitude of eacliraceandclipped to preventhemfrom visually interferingwith one another
Filters were not used for processinghis study The races with highenoise content that did not
allow the first arrival detectiowereremoved or nbconsdered for the inversion. The first arrivals

werehandpickedand the software saved thelectecpoints for eacloneof theshotsperformed.

Inversion
Theseismicrefraction inversion wagerformed irPlotreta Softwarefrom the Seisimager
package(Geometrics, 2009)The first arrivals picked in the previous stage were edém the

software as shown irFigure3-3. The timeterm method was used for the inversion of the data.
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(Geometrics, 2009)
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For the inversionthe number of layers is assggito each curve by pigkg the point vhere
the curve changes its directidror station S1AL, shown in the image, a Hiager model was
selected for this site. The first layer is shown in red and the second layer in green. For the estimation
of Vs, a range of 0.Mp to 0.6/p will be used. Lower values, 0.2 to 0.2Vp, were usedvhen the

presence of water was identified in the sites to correct for the effect of waker in

3.3INDIRECT METHODS TO ESTIMATE SHEAR WAVE VELOCITY

The indirect methods include thewve seismogram, the HVSR method, thev&e
ellipticity method, and therpxy methodsThe Rwave seismogram metheectionincorporates
a complete description of the application of the approach, the selection of the stations and seismic
records, and the correlations used to estiede The HVSR section describes the datiéection
and processing used to compute the HVSR cuaméshe correlations available to estimate
The Rwave ellipticity method describes the data collection and processing used to compute the
ellipticity curvesanda joined inversion witthe MASW method to acquirsse Finally, the proxy

method section describthe implementation adelectednethods for this study.

3.3.1 P-wave Seamogram Method

Data Collection

The Rwave seismogram method was applied to seismic stations located in Alabama and
close b the border in neighboring states (Tennessee, Georgia, and Fldin@agarthquakes
selected for this method are showrFigure3-4. The earthquake waveforms were acquired from
the IRIS database, with the correction for the instrument response already performed in the record.
The selected seismic records for each statmmsidered in this study were constrained by two

factors, the distance between the station and the epicenter of the earthquake and the magnitude of
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the event. The events selected were located within a radius of 300 km from each station with
magnitudes beteen 2 and 4.4, based on the recommendations from Kim et al. (2016). A total of
56 stations were selected to apply thede seismogram method. Details about the stations used

in this study and the number of recerhn be found iffable5-2, located in section 5.2.

Eartbquake Epicenter
of <25

@ 25-30

@ 30-35
\.\}3_5 15075 O 150 Kjlometers
| N

—— —

Figure3-4: Earthquake epicenter location of selected recordise study area. The lo@an of
the earthquakes is represented by circle scales by the earthquake magnitude.

Processing

A MATLAB code was implemented to request and process the signals following the
methodology proposed by Kang et al. (2020). Acceleration $gnieswvere used if available, but
only velocity times series were available for some of the stafidresrecorded acceleration and
velocity time seriewith the instrument correction appliedere further corrected (detrend and
demean), filtered, and baseline corrected. A haests Butterworth filter with corner frequencies
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of 0.5 and 30 Hz was applied to taecelerograms asang et al. (2020) recommenddebr the
velocity time series, the lower filter was increased to 2afd the upper filter was decreased to

15 Hz. The lower filter was increast remove the longer peria noise in the signgHosseini

etal., 2016) while the upper filter was decreab® remove the higlirequency noisé the data.

The accelerograms were integrated to compute the velocity time series, and the horizontal
components were rotated to obtain radial and tangential components using the afithath o

epicenter.

The Rwave arrival detection was performed using the softwargasP ricker(Kalkan,
2016) The algorithm detects the time before the arrival of thef?e in a broadband velocity time
series. A manual check was performed on each record to observe if the time selected by the
software was prior to thB-wave arrival, and manual corrections were performed if needed. An

example of the selection of the picks is showRigure3-5.
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Figure3-5: Velocity time series for EW, NS, and vertical components (left), zoamgdhe
series of radial and vertical components (right) for the 11 March 2017 earthquake M2.7 recorded
at station X48A.

Another baseline correction wpsrformed to the data based on the 0.5 seconds before the

P-wave arrival to improve the estimation\&fzpas suggested by Kang et al. (2020). The baseline
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correction is computed for each one of the ground motions and applied to a smaller data window
arourd the Pwave arrival (window of 1.7 sec). The sigiainoise ratio (SNR) was computed
using 0.5 seconds of the recording before thvealve arrival as the noise, and the records with an

SNR less than 1.5 were discarded.

The ray parameter was computed gdime equation2.6 and simplified crustal velocity
structure of two layers following the procedure describe&iny et al. (2016) For this purpose,
the study area was divided into three regions: Southern AppalacleiainalCTennessee, and Gulf

Coast, as shown irigure3-6.
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Figure3-6: Study area with the delimitations of the regions of the crustal models.
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The crustal velocity models were acquired fileRRI1(1993)for the Southern Appalachian
and Central Tennessee regions. The crustal model for the Gulf Coast region was obtained from
Dreiling etal. (2014) The values of Rvave velocity and depths for each layer for the models are
shown inTable3-3. The process for developing a simplifizdo-layer model from these crustal

models is described in the next paragraph.

Table3-3: Crustal velocity model@EPRI, 1993; Dreiling edl., 2014)

Southern Appalachian (SA) Central Tennessee (CT) Gulf Coast (GC)

Layer P-wave Velocity  Depth P-_wave Depth P-_vvave Depth
(km/s) (km) Velocity (km/s) (km)  Velocity (km/s)  (km)
1 4.9 1 4.9 1 5.9 4
2 5.63 6 6.4 20 6.2 16.5
3 6.05 15 6.8 35 6.6 30
4 6.53 50 7.3 50 7.3 41
5 8.18 7.9 8

Theseismicstation location determined the crustal model used for the computattan of
The crustal models shown rable 3-3 have five layers extendingntil 41 to 50 km depthA
simplified twolayer modemustbe developed to apply thewave seismogram mettioFor this
study, the first layer of the applicable crustal model for the re@iabl¢3-3) was used as the first
layer in the twelayer model. The velocity of the second layer was computed as thevdeigtited
average Rvave velocity between the bottom of the first layer and gmobentral depth of the
earthquakeas recommended by Kim et al. (2018) iteration process ithen performed to
computeVsz as described in Sectio2l This process was repeated until the difference between

the values ofthej angle reached a levef tolerance of 0.5 degrees.
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3.3.2 Horizontal to Vertical Spectral Ratio (HVSR)

Data Collection

Thedatafor the HVRSwereacquired fronthe IRIS website fothreecomponent seismic
sensors. The duration of the signal retrieved from the website was 12 hours of dGetenal
days were examined from the available recordings on each siimhme frame was constrained
by the dates that the equipment was operatively functioning and the available recordings of each
station. Some of #se stations did not have continuous recordings; as mentioned before, some
were only recording for a limiteiime frame Thetrial day and time frame were selectecensure
that the recording had the least transient noise possible in the acquiredFagtials studythe
signals wereobtainedfrom ambient noise The duration of thesignal selected fofurther

processing was ov&0 min as recommended [ BESAME (2004 in Table2-1.

Processing

The signal processing was performed using the software G¢dfahelet etal., 2020)
with the toolbox H/V. The signal processing was conducted inigimalsectionwith stationary
noise, avoiding transient noiséhe part of the signal selected for processing was divided into
windows of the same length. A -8@cond window with % overlapswas usedA threshold was
selectedo avoid drastic variations in amplitude. For this analysis, a percentage between 5 to 30%
was used aathreshold depending dhevariation of amplitudes within the sign@llso, an ant
trigger algorithm was applied to the raw signal. For this purp®%$é and LTA values were
defined. The STA and LTA were 5 seconds and 0 seconds, respectively. Also, a minimum ratio

between STA and LTA of 0.1 and a maximum ratio of STA and LTA of 10 were selected.

The horizontal components of the signal were sqaasegayed for the computation of the

Fourier amplitude spectrum. Then, the Konno & Ohmachi smoothing fun@onno &
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Ohmachi, 1998was appliedto the Fourier amplitude spegin. For the smoothingfunction, a
constant of 20 and@sinetappemwindowwas usedAfterward, theHVSR curves wereomputed

for each one of the windows

Correlations of kb with Vszpmeasurements
After the peak of the HVSR curve was identified, the correlations found in the literature
review were used to estimaezo The corré&ations usedin this studyweretaken fromGhofrani

& Atkinson (2014, Hassani & Atkinsor(2016) andSt anko & Ma.rxr kugi i (2020)
3.3.3 Rayleigh wave ellipticity

Data Collection
The same data used for the computation of HVSR wastasmEnputeR-wave ellipticity.
Therefore, the signal is a singdensor measurement. From the sigaalvo-hour window fame

was selected for further processing.

Processing

The Rwave ellipticity was computed using the RayDec metttdobiger etal., 2009)
RayDec ispublicly available(ManuelHobiger, 2021as aMATLAB function to estimate the
ellipticity of R-waves fromthreecomponent singlstation recordingsThe signal analysisvas
performed between a minimum dueency of ® Hz and a maximum frequendetween 1810
Hz, dependhg on the type of equipment used to record the signal. For equipment with a sampling
frequency of 40 Hza maximum frequency of 18 Hz was used for the analy$is rest of the
equipment usga maximum frequency of 40 Hkhe signal waslivided into 1@minutewindows

as suggested yobiger etal. (2009) The RayDec code computed ellipticity curves for each one
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of the time windows selected. Additionally, the mage of the ellipticity curves and standard

deviatiors werecalculaed.

Joint Inversion of Surfac@/aves and Ellipticity

The joint inversion of theR-wave ellipticity curve and the dispersion curve of the
fundamental mode of the-Waveswereperformed using Geopsy Softwdathelet etl., 2020)
Depending on the sitehe velocity model was defined betweesd 2ayers A wide range of
potentialvelocities was used fdheinversion to allow the model tocludethe overall variation
of thevelocity profiles. The Poissod stio varied from ®-0.5, and the desity was comstant for
all the layes, 2,000 kg/nf. The valusof t he Po i stheaengitg of theasoil do not n d

significantly impacthe inversion proceg§&ouveia etl., 2018)

The joint inversion was made considering equal weight fomntiséits of the dispersion
and the ellipticity curve The inversion process was repeated until over 100,000 models were

computed toverify the stability of the inversion.
3.3.4 Proxy Methods

For this researchthe terrairbased the hybrid slopegeology and tke topographic slope
proxy methodsvere used to estima¥éso. Thesethreemethods werselected because they have
beenreviewed and evaluated for the PEER NGAst Databas@oulet et al., 2021)hesurface
geology proxy method proposed Kypttke et al.(2012)could not be used for this study because
Alabama is mostly classified as Residual soil from the nfagu(e 2-25), and this geology

classification does not havé/asovalue associated.

A GIS-based engineering geomorphological map was used to implement the heseath

proxy. The mags publicly available from lwahashi & Pike (200The terrairmap wasbtained
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andthenthe location of the statiarlwasimported into thesamemap toclassify each station into
theterrain types. Once the terrain type of each station was identlieedorrelation proposed by

Yonget al. (2012)vas used to acquire a value\@ho

For the application of thieybrid slopegeology proxy methqdach station wasategorized
according tahe geolog: ageof formation.The geologic period and epoch were also identified for
thestations in the Cenozoic efBhis method proposed 18 groups to classify the geologic formation
(Parker etl., 2017) The groups belonging to the Wisconslaagation were discarded from this
study. After each station watassifiedinto the groups, thecorrelation proposed biarker etl.
(2017)was used t@assgn a valueof Vs3p The results acquired for each one of the stations are

presented iTable5-2.

The topographic slope method was impleradstmilar to the terraitbased proxy method,
using a GlSbased engineering geomorphological iiaald & Allen, 2007; Allen & Wald, 2009;
Yong et al., 2016 Heath et al., 2020) publicly available fromthe USGS website
(https://earthquake.usgs.gov/data/v33The GISbased map as downloadedand the location
of the seismic stationsasimported into the map. The Glsased map provided the velocity for

each location based on ttepographicslope.
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CHAPTER 4 RESULTS OF DIRECT METHODS

4.1INTRODUCTION

The collectedvszomeasuementsfrom the application of direct methods across the state
are presenteth this ChapterThe Chapter is separatedtmtwo main sectionsThe first section
describes all the sites in whichighstudy performed the direct method$he second section
describes all the sites collected with previously published data. All the sites analyzed for this study
areshown inFigure3-1. The methods apigld to each site and tlseismic station areummarized
in Table3-1. Both sections are separated intosadiions according to the sie seismic station
where themethods were appliedhe first sectiorpresens a description of the locatiogeology,
particular details regarding the data collection process (i.e., type of source used, number of
receivers, location of the shots performed, among others), and the fesehch siteThe second

section showed profiles adapted from published dataVaggdneasurements for those profiles.

The results includdMASW and seismic refraction methods. For the MABWAthod the
classical inversion and a namversion approach were used. Also, over 100,000 models were
generated to develop a wide range okeatable models. However, only a subsdahefbes6,000
Vsprofiles is presented’he seismicefraction method generated 2D profiles/efusingtwo- and
threelayers models. Th&p profiles were transformed intds profiles for each site to compute
Vs3zo MASW method could not be appli¢dlthe ANO1 site For this siteonly seismic refraction

results are provided.

A summary of theesults from the application of the direct methods to the sites and seismic

stations is shown imable4-1.
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Table4-1: Summary results from the direct methods applied to the sites and seismic stations

MASW o Joint Inversion
Site/ Vaso(mis)  Std (mfs)  Vsso(mis) Selsmlc SASW Other
Station stroo o trom o gx o I?/efractlon Vs30 Std Vs30 Method
! ! ¢ s30(mM/Ss) (m/s) (m/s) (m/s) Vs30(mM/s)
Inversion Inversion Inversion

ASEL 424 19.8 399 367-551 - - - -
TUO1 354 139 351 212-304 - - - -
SR21 396 1.01 349 281-422 - - - -
SR219 286 1.07 295 204290 - - - -
ANO1 - - - 7881,182 - - - -
BLF1* - - - - - - - 1,165
AFBM* 323 - - - - - - -
X50B 943 12.1 958 841-1,261 964 21.2 - -
S1AL 317 0.3 326 221-313 340 1.8 - -
S2AL 357 1.99 357 193284 354 3.3 - -
Y4T7A 425 1.16 414 339508 401 0.2 - -
X48A 501 2.2 490 780-1,170 540 3.4 - -
BO1X 760 3.3 598 8551,282 734 11 - -
SWET - - - - - - 715 840
LRAL* - - - - - - 568 -

* Sites and seismic stations collected from publicly available reports.

4.2SITES WITH DIRECT METHODS COLLECTED BY THIS STUDY

4.2.1 ASELSite

Location and Geology

The site is locatedn Auburn Alabama on W. Samford Ave. and Shug Jordan Pkwy
(32.60139,-85.5061). At the time of the survey, the sit@da sloped surface from northeast to
southwest, and themgas a road filled with graveb access the sitdhe site is now covered by
the Advanced Structural Engineering Laboratory (ASHIbe location of the sitand thesurvey

arrayare shown irFigure4-1.

82



On this site, two geological units are locatbthnchester Schist from the Pine Mountain
Group and Tuscaloosa Group undifferentiatddnchester Schishowsinterlayered muscovite
guartz schist and quartzitélso, the geological unitocally contains garnet, sillimanitand
graphite which are commonly intensely shared characteristiof weathered soil. Tuscaloosa
Group exhibitsvaricolored clayey, agvelly, gravelly fine to very coarse sand; massive mottled
sandy clay; local wood and leaf beds; and some thin beds of indurated sandstone. Gravel consists
primarily of quartz and quartzite and range in size from very fine pebbles to large c(@xdbs

etal., 1988)
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Figure4-1: Site map with the location of the survey line for the ASEL site
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Previous Investigation

A field explorationof the site was performed by Bhate compéBizate, 2018petween
May 8 to 10, 2018. A total of 11 boring logs werdled at the site reaching different depths. A
detail of the boring logs cdmefound in AppendixA. Boring B-1 reached aepth of12.2 m (40
ft); boringB-2 was drilled to a depth df0.4 m(34 ft); borings B3 and B4 were extended .7
m (15.5 f) of depth borings B5 and B6 reached a depth 62 (20.5 f); borings B7 and B8
were drilleduntil 4.7 m(15.5ft) of depth and boring B9, B-10, and B11 were extended tb.7

m (5.5 fi) of depth

The soil exploration had residual soil or coastal plain sediments immediately below the
topsoil. Some locations had a layer of sediments between three and five feet; in others, the residual
soil was found immediately below the surface. The sediments tewhgif dense, mottled red
brown to gray clayey fine sand. The residual soil contained medium to stiff varicolored elastic,
micaceous silt, and fine saneaching depths between 7.6 to 9.1 m. The residual soil showed
remnant rock structure increasing itgsistency with depth. Three boring logs had schist at depths

between 7.6 to 9.1 m.

Data collection

Active and passive seismic surveys were performed at th@ k#eactive seismic survey
was used for MASW and seismic refraction analysis. The actiweypwused 48 geophones
arranged in a linear array with a spacing of 1 m, obtaining a survey line ofActive data were
recorded with a sampling frequency @0@0 Hz for 1.5 sand a delay 0f0.1 s was used for
recording.No acquisition filters were @sl. For MASW analysis,te active source was located
the beginning bthe survey lingand five shots were recorded in the same positon seismic

refraction analysidjve shots were performed from the beginning until the end of the survey line,
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at 3 meach The passive seismic survey was performed usingeBdcal geophonessing an L
shape array with an angle of 90 degreeshasvn inFigure4-1. The geophonesere spaced B
between eachther, obtaininga total length of 115 nPassivaedata werecquiredwith a sampling
frequency of B0 Hz for 260s. A total of 7files of 260 sduration were recorded to reach 30 min

total.

The inversion of the active dateas developed usirttpe dispersion curve extracted from
line S2 Line S2 was selected because it showed a clear fundamental mode in a wide range of
frequenciesThe other lins provided similar results in a smalfeequency range. Thaispersion

curve from the active survayas joined with the passive data collected at the site.

MASWResults

TheVsprofiles and the dispersion curves fg@@ of the profiles generatedth thelowest
misfit are shownn Figure4-2. TheVs profile with the lower misfiis shown in blacland the field
dispersion curves drawn indark gray while thecorresponding curves from each of the profiles
are colored according to their misfit valuefour-layer model was used to generate the profiles
However the stiffer fourth layer transition for most of the profiles occurs overmd8epth
Thereforeit is not possible to observe that layer for the best profile. Sitadlowlayer of theVs
profile had a velocity of 199 m/s until 1.3 m in depth. The second layer had velocitiesrof2249
until a depth of 8 mThen, theéVsprofile increases the velocity to@®n/s for the best fit. The rest
of the profiles showed velocities between 500 and 650 m/sVd pmofile showed a transition to
a fourth layer for some of the profiles after 23 m depth, reaching velocities ,68arr/s.The

meanVszovalue computed fathis site wagt24m/s with a standard deviation ©9.8m/s
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Figure4-2: Vs profiles (left) and dispersion curves (right) for ASEL site using inversionVEhe
profile with the best fit is shown in black. The dispersion curve from the field is shosamkin

gray.
The noninversion method was used to generat profile until 30m, as shown ifrigure
4-3. The figure also shows the dispersion curves generated by the softinelve profiles showed
a first layer of 200 m/s of velocity until 2 depth. Then, th&s profile constantly increases the

velocities until it reaches88m/sat 20 m TheVszsocomputed by the neimversion method i899

m/s.

The Vs profile acquired using the ndnversion showed similarities to the profiles
computed using the inversion. Thange of velocities observed in the profiles from both
approaches igery similar. Both profiles showed a constant increment in the velocitydeipth.
TheVssocomputeddy the noninversion method i5.9% lower than the results acquired using the

inversion.
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Figure4-3: Vsprofiles (left) and dispersion curves (right) for ASEL site using theimgersion
method.

Seismic RefractioResults

The 2D Vp profile usingthe seismic refraction method is shown kigure 4-4. For the
seismic refraction analysis, tareelayer model was selected for this sit€he results showed
velocities 0f459m/s for the first layer until an average depttD&9m. The seconthyer had a

velocity of 597 m/suntil an average depth of 7.7 m. The third layer had a velocity of 1,158 m/s.

The Vp profile was transformed into\&s profile using a range of 0.4 to Ove. Using this
range, the first layer of thés profile has velocigs between 18329 m/s. The second layer of the
Vs profile reaches velocities in the range of 288 m/s. The third layer of thés profile reaches
velocities in the range of 46879 m/s. Assuming the third layer until 30 m depth,\tkg value
would be 367551 m/s for this site, using the seismic refraction method. This extrapolation is very

close to the MASW results for thés profile for each layer, providing a reasonable estimate for
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Vszo The averag®¥ssoresult from the seismic refraction8.4% higher than th&szoresults using

MASW.
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Figure4-4: 2D Vp profile for ASEL site using seismic refraction method.

4.2.2 TUO1Site

Location and Geology

The seismic survey was performeshder and adjacent to a bridge on Highwi§29
(Martin Luther KingHwy) over theChewacla Creekiver, as shownn Figure4-5. The bridges
located29.3 miles northeast of Tuskegee, Macon County, Alabg@®a4488;-85.647295. The

survey line was located on flat topograptigh minimal vegetatioratthe time of the survey

The site is located on an Alluvial coastal and low terrace defd®tformation belongs
to the Holocene epoch from the Quaternary period. It consists of fine to coarse sand with clay

lenses and gravel in some locati¢Bgabo etl., 1988)
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Figure4-5: Site map with the location of the survey line thee TUO1 site

Data Collection

Active and passive seismic surveys were performed at th@ k#eactive seismic survey
was used for MASW and seismic refraction analyde active seismic survey usedgébphones
arranged in a linear array with a spacing of 1 m between each other, obtaining a survey line of 47
m. Active data wereecorded with a sampling frequency g®@0 Hz for 1.5 sand a delay 0f0.1
s was used for recordinilo acquisition filtersvere used. For MASW analysiset active source
was located?0 m from the end of thsurvey line andthreeshots were recorded in the same
position For seismic refraction analystbreeshots were performed from the beginning until the
end of the surveline, at 5 m eachlhe passive seismic survey was performed using an L shape

array with 24 geophones spaced at 5 m with a total lendgthbon, as shown ifrigure4-5. Passive
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data wereacquiredwith a sampling frequency ob6P Hz for 240s. A total of 7 files of 240 s were

recorded, reaching 28 maof recording

MASWResults

TheVsprofiles and the dispersion curves computed using the inversion are sheguran
4-6 for 5,000 of the profiles generatedth the lowest misfitThe Vs profile with the lower misfit
is shown in blackand the field dispersion curve drawn indark gray while the corresponding
curves from each of the profiles are colored according to their misfit.alioerth layer model
was used to generate the profiles. However, the stiffer fourth layer transition atauwlgpth of
more tharb0 m. Thereforeit is not presented iRigure4-6. The firstlayer had a velocity of 170
m/suntil 5.8 m in depth. The second layer has velocities of@8&intil a cepth of 17.9 mThen,
the profile increases the velocity to 541 m/s for the best fit. The rest of the profiles showed
velocities between 500 and 700 nThe mean ¥zovalue computed for this site was4 m/s with

a standard deviation 4f3.9 m/s.

The noninversion method was used to generai jarofile until 30 m, as shown ifrigure
4-7. The figure also shows the dispersion curves generated by the software. The profiles showed
the first layer between 153 m/s and 168il 3.5 m depth. Then, the profile increases the velocities
constantly until 26 m depth reaches 550 m/s. Between 27@&nd depth, the profile displays a

constant velocity of 560 m/s. ThMgsocomputed using this method is 351 m/s.

The Vs profile acquired using the nanversion showed a constant increment in velocity
with depth as the profiles computed using the inversibe. range of velocities observed in the
profiles from both approaches is very similar. Mygocomputed by the nemversion method is

0.5% lower than the results acquired using the inversion
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Figure4-6: Vs profiles (left) and dispersion curves (right) for TUO1 site using inversionV§he
profile with the best fit is shown in black. The dispersion curve from the field is shosamkin
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Seismic RefractioResults

The 2D Vp profile usingthe seismic refraction method is shown kigure 4-8. For the
seismic refraction analysis, tareelayer model was selected for this sit€he results showed
velocities of 257 m/s for the first layer until an average depth of 4.12 m. The second layer had a

velocity of 668 m/s until an average depth of 6.9rme third layer had a velocity of 1,782 m/s.

Depth (m}

0 8 16 24 32 40 48 (m/s)

Distance (m)
Scale = 1/250

Figure4-8: 2D Vp profile for TUO1 site using seismic refraction method

The Vp profile was transformed into\& profile usingarange of 0.4 to 0.¥p for the first
and second layer. This site is located nexCtewacla Creek riveand a sharp increment of
velocity is found in the third layefherefore, lhe third layer used a range of 0.14 to Up2to
correct for the saturation of water in the profilsing theseranges, the first layer of th&/s profile
has velocities betweel03-154 m/s. The second layer of thg profile reaches velocities in the
range of 267-401m/s. The third layer of th¥s profile reaches velocities in the range26#-356
m/s.Assuming the third layer until 30 m depth, ¥egovalue would b&12-304 m/s for this site,
usingtheseismic refraction methodhis extrapolation likelyinderestimates the velocity at these

shalower depths The results from the seismic refraction are in reasonable agreement with the
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MASW results in the upper 18 meters. Howetee, velocities in the third layer al@verthan the
best estimate resultsoin MASW. However, the second layer for the seismic refraction
underestimates the velocity at higher depths leading to a Md¥geestimate than the MASW
results.The averag®/szoresult from the seismic refraction 26.9% lower than theVsszoresults

using MASW.

4.2.3 SR21Site

Location and Geology

The geophysical seismic survey was performed on the side-21 3R9.64 km southwest
of the city of Talladega, in Talladega County, Bdaa(33.36719-86.17013. The location of the
siteand the survey arragre shown irFigure4-9. The terrain was clear of vegetation at the time

of the survey. The suey line was positioned on the side slope parallel to the highway.

The geology of the site iKnox Group undifferentiatedThis formation is part of the
OrdovicianCambrian period from the Paleozoic Era. The K@wrup undifferentiated locally
presents saly dolomite, dolomitic limestone, and limestodenple amounts of lightolored

chert also characterize the gro(zabo et al. 1988)

Data Collection

An active seismic survey was performed on the Site active seismic survayas used
for MASW and seisnic refraction analysis. The active data were collected @tlgeophones
arranged in a linear array with a spacin@ ofi between each other, obtaining a survey lin@4of
m. The active data were recorded with a sampling frequency of 2,000 Hz folahd & delay of
-0.1 s was used for recordingo acquisition filters were used. For MASW analysis, the active

source was located 20 m from the end of the line; five shots were recorded in the same position.
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For seismic refraction analysis, five shots weeeformed from the beginning until the end of the

survey line, at 6 m each.
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Figure4-9: Site map with the location of survey line and boreholes fe2 BRite

MASWResults

TheVsprofiles and the dispersiaurves computed using the inversion are shoviaigare
4-10for 5,000 of the profiles generatedth the lowest misfitThe Vs profile with the lower misfit
is shown in blacland the field dispersion curve drawn indark gray while the corresponding
curves from each of the profiles are colored according to their misfit.vahee profiles show
similar welocity valuesfor the first two layers before 18 m and then a stiffer layer with higher

velocities. The first two layersightly change in velocity from 189 m/s to 278 m/s at 3 m. After
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18 m, the profile with the best fit shows a higher velocity layer,608 m/s. The meansdvalue

computed for this site was 396 m/s with a standard deviation of 1.01 m/s.
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Figure4-10: Vs profiles (left) and dispersion curves (right) for-8R site using inversion. Thés
profile with the best fiis shown in black. The dispersion curve from the field is shovdaiik

gray.
The noninversion method was used to generai& arofile to 30 m, as shown ifrigure
4-11. The figure also shows the dispersion curves generated by the software. The profile shows
the first layeraround 186n/suntil 2 m depth. Then, the profile increases the velogitiescating
a stiffer layer between 4 and 14 ranging from 250 to 350 m/s. Another layer is shaelow 15
m depth velocitiesrom 451 m/s td32 m/s. After23 m, the profile showed constanvelocity of

532m/s. TheVszpcomputed the nemversion method i849m/s.

The Vs profile acquired using the nednversion showed similarities to the profiles
computed using the inversion until 15 m. After, the profile calculated using the inversion exhibit
higher velocitiesTheVszocomputed by the nemversion method is 1198 lower than the results
acquired tilizing the inversion.
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Figure4-11: Vs profiles (left) and dispersion curves (right) for-3R site using the neimversion
method.

Seismic RefractioResults

The 2D Vp profile usingthe seismic refraction method is shownRigure4-12. For the
seismic refraction analysis, tevo-layer model was selected for this sifEhe results showed a
shallowVp of 371 m/s until an average depth of 2.2 m. ThenMhprofile shows a dfer layer

of 759 m/s.
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Figure4-12: 2D Vp profile for SR-21 site statiomusing seismic refraction method
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The Vp profile was transformed into\& usingarange of 0.4 to 0.&p. Using this range,
the first layer of thé/s profile has velocities betweel®8-222 m/s. The second layer of thg
profile reaches velocities in the range868-422m/s.Assuming the second layer until 30 m depth,
theVssovalue would be in a range 281-422m/s for this site, usintheseismic refraction method.
The results from the seismic refraction aegy closeto the velocities results of MASWér the
first and second laysr Howeverthere was nota third layerthat the seismic refraction could
identify. The Vszovalues computed usirngis method ard 1% lower thanthosecomputed using

MASW.
4.2.4 SR219Site

Location and Geology

A seismicbased geophysical survey was perforrnadAugust 1, 201%long SR219 in
Bibb County neaCentreville, Alabam#32.87841-87.10224. The locations of the geophysical
surveys and borings are showrFigure4-13. The image shows that the survey line waserext
between boreholes B1 and B2slow-moving landslide was reported on the west side of the road

in 2010.

Thegeology of the site belongs to t@®rdo formation of the Tuscaloosa group (Szabo et
al. 1988),and itis very close to the boundanyith the Coker formation Coker formation usually
underlies the Gordo formatioifhe Gordo formatiots characterized bynassive beds of cross
bedded sand, gravelly sand, and lenticular beds of locally carbonaceous partly mottled moderate
red and paleed-purple chy. Thelower part of the Gordo formation is predominantly gravelly
sand consisting chiefly of chert and quartz pehibgde the Coker formation contains micaceous

sand and clay with a few thin gravel beds containing quartz and chert p&#abs etl., 1988)
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Figure4-13: Site map with the location of survey line and boreholes fe2 8RR

Previous Investigations

ALDOT performed a previous investigation in July of 2010, which contempkitsd
boreholesSPTs andinstallaion of inclinometers and well3he location of the boring logs close
to the data collected is shownRigure4-13. Borings B1B4 wele locatedinside the landslide and
were equipped with inclinometers to monitor the landslide stability. bidiengs B6B8 were
situated outsidehe slide massihe boringB1-B4 showed mainlysandy soils in the upp&6 m
transitioning to clayey soils belownside bomgsB1- B4, inclinaneters were installed with data
available for the years 2014, 2018, and 2019, depending on the bor&boteding to the

information provided by the inclinometers in B1, B2, and B3, the slide plane is located around
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119120 m in elevationThe water tablelevation inside the slide mass varies between dlizitt

123m of elevationdepths of-2.5 m).

Data Collection
The seismic dataereacquired using a set of 4fophones with a natural frequency of
4.5-Hz connected to two Geometrics Geode seismograms. No acquisition filters wera d8ed.

Newton sledgehammer was used as a sparmkthe geophones were paced @ieier

The seismic datavere processed using the multichannel analysis of surface waves
(MASW) technique. Note that only a subset of the collected seismicwdataused for this
processing techniquéor this site, the files chosen had the shotsmatféom the beginning of the
survey line. The files selected showed a clearer dispersion cutive fafndamental mod@nce
the dispersion curveaspicked,the inversion process was performedsi@opsy(Wathelet egl.,
2020) A threelayer profile was selected for this site to show agreement with the information

provided by the bore logs.

ResultaVASW

TheVsprofiles and the dispersion curves are showkigire4-14for 5,000 of the profiles
generatedvith the lowest misfit The Vs profile with the lower misfiis shown in blackand the
field dispersion curvés drawn indark gray while the correspondingurves from each of the
profiles are colored according to their misfit valliee profiles show consistent results with aJlow
velocity surface layer, an intermediate layer, and a significantly stiffer deep layer. The upper, low
velocity layer with velocies around 147 m/s, while the middle layer had velocities around 250
m/s. The transition to the more rigid layer occurred over 10 m of depth, with velocity values of
about 389.9 m/S'ThemeanVszovalue computed for this site was 286 m/s with a standasidtoen

of 1.07 m/s showing a good convergence of the solution.
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Figure4-14: Vs profiles (left) and dispersion curves (right) for-8R9 site using inversion. The
Vs profile with the best fit is shown in black. The dispersion curve from the field is shown in
dark gray

The noninversion method was used to general arofile until the 30m, as shown in
Figure4-15. The figure also shows the dispersion curves generated by the software. The profiles
showed the first layer arourid84 m/suntil 2 m deph. Then, the profile increases the velocities
indicating a stiffer layer between 12 and 22ramging from 350 to 400 m/s. A final layer showed
a velocity of401m/s after21.5m depth. The/ssocomputedby the noninversion method i295

m/s.

The Vs profile acquired using the ndnversion showed similarities to the profiles
computed using the inversion. Both profiles showed a #laygr system, even though the
transition of velocities to another layer occurs at different depths. The velocitieaaldor the
norrinversion method are slightly higher for the second and third layersvdgbeomputed by

the noninversion method is 3% higherthan the results acquired using the inversion.

100



0 %:) g 2
og 40 g Exp. (f) 1a
5 Oooo 30 IR N R Exp. (M2)
Yoo, BF ¢ The st () | |6 o
%O . s ° The final (f) ~
I N b4 N
0 Cb a3 & ° =
£ Ay E 110 €
— = ol -‘a')
% 15 225 {12 5
9] ) ©
=
a ) 114 @
20} £20r . z
116 %5
15} T
257 118
10f olgt el 120
30 1 L & 1 Il 1 1 e Il
100 200 300 400 100 150 200 250 300 350 400

Vs (m/s) Phase velocity (m/s)

Figure4-15: Vs profiles (left) and dispersion curves (right) for-8R9 site using the nen
inversion method.

The results provided by the seismic profiles are consistent with boring logs, which
generally show increasing-talues with depth. The borings show lownsistency soils near the
surface, corresponding to the laxlocity surficial layer observed in the seismic profiles. The
borings also show much higherwdlues at depths of 10 m, corresponding to the stiff, deep layer
detected by the seismic profile. Hoves, the other transitions in the boring logs are not necessarily
captured well by the seismic velocity profiles due to the inherent averaging in the MASW

technique. This can cause the seismic profiles to miss local heterogeneities and shift the layer

trarsitions to an average depth across the length of the geophone array.
Seismic Refraction Results

The 2D Vp profile usingthe seismic refraction method is shownRigure 4-16. For the

seismic refraction analysis, tevo-layer model was selected for this sifEhe results showed a
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shallowVp of 299 m/s until an average depth of 3.5 m. ThenMhprofile shows a dfer layer

of 1,580 m/s.
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Figure4-16: 2D Vp profile for SR-219site using seismic refraction method

The Vp profile was transformed into\&s profile using a range of 0.4 to OV for the first
layer, while for the second layer a range of 0.14 to/8.®as used to correct for the saturation of
water in the profiledue to the shallow water table indicated in the boring ldgmg these range
the first layer of the/s profile has velocities betweetil9-179 m/s. The second layer of the
profile reaches velocities in the range286-315m/s.Assuming thesecond layer until 30 m depth,
theVssovalue would be in a range 204-290m/s for ths site, usingheseismic refraction method.
This extrapolation likelyprovidesa good agreement between seismic refraction and MASW for
the first layer of velocity. Howevethe second layer fdhe seismic refractionnderestimatethe
velocity at highe depths leading to lwer Vszoestimate than the MASW resulfBhe average

Vszoresult from the seismic refractioni8% lowerthan theVssoresults using MASW.
4.2.5 ANO1Site

Location and Geology
The site ANO1 is located ithe northeast of Anniston in Calhoun Cou®3.71678 -

85.78344. The geophysical survey was performed on tHed?®ovember 2019, using active and
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passive MASW methods on the site. The terrain was flat in topography and clear of vegetation at
the timeof the survey. The location of the survey lines used to collect theudstaown inFigure

4-17.
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Figure4-17: Site map with the location of survey line #8NO1 site

The site is located in Paleozoic shale undifferentiated and little oak and Newala limestones
undifferentiated. The Paleozoic shale is characterized by shale and neudsteally, it contains
interbeds lenses of sandstone. Near Anniston, it includes Athens shale and probable Floyd Shale.
On the other hand, the little oak Limestone is characterized by clayey to silty limestone that

contains chert nodules. Locally, it ha@ beds of bentonite. (Szabo et al., 1988).
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Data Collection

An active and passive seismic survey was performed on the site. Unfortunately for this site,
the MASW method did not provide reliable dispersion curves for further analysis. Therefore, the
analysison this site was performed only usitige seismic refraction method. The active data for
seismic refraction analysis usé8 geophones'he geophoneserearranged in a linear array with
a spacing ofi m between each other, obtaining a survey lind7ah. Active data wereecorded
with a sampling frequency of@0 Hz for 1.5 sand a delay of0.1 s was used for recordingo
acquisition filters were used. From the beginning until the end of the survethlieeshots were

performed at 5 m each.

Sasmic Refraction Results
The 2D Vp profile usingthe seismic refraction method is shownhkigure4-18. A two-
layer model was selected for this site. The results sdaavshallow/r 335m/s until an average

depth of 4.14 m. Then, thé profile shovs a stiffer layer of 3,323 m/s.
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Figure4-18: 2D Vp profile for ANO1 site using seismic refraction method

The Vp profile was transformed into\& profile using a range of 0.4 to Owe. Using this
range, the first layer of thés profile has velocities between 1:2801 m/s, while the second stiffer

layer of velocity wouldoe between 1322993 m/s. Assuming the second layer until 30 m depth,
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the Vs3o value would be in a range of 78882 m/s for this site, using the seismic refraction

method.
4.2.6 X50BSeismic Station

Location and Geology
The seismic station X50B is located in the northeast of Alabama in Fort Payne, DeKalb
County (34.46110-85.64990). The geophysical survey was performedtioa6” of December
2021 using active and passive MASW methods on the site. The terrain wasdpagraphy and
clear of vegetation at the time of the survey. The location of the survey lines used to collect the

dataareshown inFigure4-19.

The geology of the sitie Pottsville Formation from the Pennsylvanian age of the Paleozoic
era. Pottsville Formation is characterized igyht-gray thin to thickbedded quartzose sandstone

and conglomerate containing interbedded aady shale, siltstone, and cq8kzabo etl., 1988)

Data Collection

An active and passive seismic survey was performed on th&ls#tective seismic survey
was used for MASW and seismic refraction analysis. For the active sd®&@&gophonewere
usedarranged in a linear array with a spacin@ ofi between ach other, obtaining a survey line
of 94 m. Active data wereecorded with a sampling frequency g®@0 Hz for 1.5 sand a delay
of -0.1 s was used for recordirgo acquisition filters were used. For MASW analydig, active
source was locatezb m fran the beginning of theurvey line andfive shots were recorded in the
same positionFor seismic refraction analysis, three shots were performed from the beginning until
the end of the survey line, at 10 m each. The passive survey was performed ugopldghes

spaced 5 m in an-shape arrayvith a total length of 115 m, as shownkigure4-19. Passive
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data wereacquiredwith a sampling frequency obP Hz for 240s. A total of 9 files of 240 s were
recorded, reaching6 min of recordingPassive data collected did not show preceseilts of the
fundamental mode. Therefore, it could not be used to select the dispersion curvelaydour

profile was chosen for this site.
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Figure4-19: Site map with the location of survey line for O& seismic station

MASWResults

The Vs profiles and the dispersion curves using inversion are showigure 4-20 for
5,000 of the profiles generatedth the lowest misfitThe Vs profile with the lower misfits shown
in blackand the field dispersion curni@drawn indark gray while the corresponding curves from
each of the profiles are colored according to their misfit valbe profiles show atsistent results

with increments in velocities with depth. The fourth layer of the model is not shown in the image
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because the transition to the stiffer layer occurs ovan.3Uhe shallow layer showed velocities
around 626 m/s until 4.m depth. The secadnlayer had velocities around 840 m/s betwedn 1.
156 m. The third layer showed velocities around7b m/s. Then, the profile transition to a stiffer
layer occurred ove34.5m of depth, with velocity values of abou®@0 m/sTheVszofor this site

was computedvith a median value @43 m/s and a standard deviation1df.1m/s.
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Figure4-20: Vs profiles (left) and dispersion curves (right) for X50B seismic station using
inversion. The/s profile with the best fit is shown in black. The dispersion curve from the field
is shown indark gray

The noninversion method was used to generals arofile until the 30m, as shown in
Figure4-21. The figure also shows the dispersion curves generated by the software. The profiles
showed the first continuous layer aroun80 m/suntil 13 m. Then, the profile increases the
velocities indicating another layer between 17 and 30 m with velocities ranging jo&n tb
1,436 m/s. A final velocity of 1842 m/s is shown at 30 m depth, suggesting a stiffer layer.
However, only ongoint of velocity is not enough to confirm it. TMg3o computed using this

method is 958 m/s.
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Figure4-21: Vs profiles (left) and dispersion curves (right) for X50B seismic station using the
norrinversion method.

The Vs profile acquired using the nanversion showed a constant increment in velocity
with depth as the profiles computed using the inversion. The range of velocities observed in the
profiles from both approaches is very similaheNVssocomputed by the nemversion method is

1.6% higherthan the results acquired using the inversion.

Seismic Refraction Results
The 2D Vp profile usingthe seismic refraction method is shownRigure 4-22. For the
seismic refraction analysis, tevo-layer model was selected for this sifEhe results showed a

shallowVp of 413 m/s until an average depth of 2.5 m. Thére Ve profile shovs a siffer layer

of 3,380 m/s.

The Vp profile was transformed into\& profile using a range of 0.4 to Ove. Using this
range the first layer of th&/s profile has velocities between 1254 m/s. The second layer of the

Vs profile reaches velocities of 1,B2,027 m/s. Assuming the second layer until 30 m depth, the
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Vs3ovalue would be in a range of 841261 m/s for this site, using the seismic refraction method.
This extrapolation likely underestimates the velocity at shallower depths while overestimating the
velocity in the deeper layers. The aver&geresult from tke seismic refraction is 11.4% higher
than theVssoresult using MASW. Therefore, the results from the seismic refractidrstoare in

reasonable agreement with the MASW results.
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Figure4-22: 2D Vp profile for X50B seismic statiorusing seismic refraction method

4.2.7 S1ALSeismic Station

Location and Geology

The seismic station S1AL is located 6 km northeast of Flomaton in Escambia County
(31.0368 -87.2101). The geophysical survey was performedtioa3 of March 2022 using
active and passive MASW methods on the site. The terrain was flat in topography and clear of
vegetation at the time of the survey. The location of the survey lines used to collect thee data

shown inFigure4-23.

The geology of the site is Miocene Series undifferentiated from the Miocene epoch from
the Cenozoic era. The Miocene Sermmtains moderateyellowish-orange thirbedde to
massive fine to coarsad gravelly sand. This formation can h#vie-bedded to massive clay and

sandy clay(Szabo e#tl., 1988)
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Figure4-23. Site map with the location of survey line for S1AL seismic station

Data Collection

An active and passive seismic survey was performed on th&ls#@ctive seismic survey
was used for MASW and seismic refraction analys@. the active surveyl8 geophonewere
arranged in a linear array with a spacin@ of between eachtloer, obtaining a survey line 6#
m. Active data wereecorded with a sampling frequency g®@0 Hz for 1.5 sand a delay 0f0.1
s was used for recordinilo acquisition filters were used. For MASW analydig &ctive source
was locate®5 m from the beginning of theurvey line andfive shots were recorded in the same
position For seismic refraction analystbreeshots were performed from the beginning until the
end of the survey line, at 10 m ea€he mssive survey was performed using 24 geophones spaced

5 m in an Lshape arrayyith a total length of 115 m, as shownHigure4-23. Passivedata were
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acquiredwith a sampling frequency obP Hz for 240s. A total of 10 files of 240 s were recorded,
reaching 40 min of recording. For this sipassive data did not provide good resulerefore

the inversion was performed using only the active data acquired fielthe

MASWResults

The Vs profiles and the dispersion curves using inversion are showigure 4-24 for
5,000 of the profiles generatedth the lowest misfitTheVsprofile with the lower misfits shown
in blackand the field dispersion curvedrawn indark gray while the correspondincurves from
each of the profiles are colored according to their misfit valbe profiles showed an increment
of velocity with depth. A twdayer profile was the best fit for this site. The shallow layer had
velocities around 271 m/s until 15.5 m depilne profile then transitions to a stiffer layer of
velocities around 390.8 m/s. TNesofor this site was computed with a median value of 317 m/s

and a standard deviation of 0.3 m/s.
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Figure4-24: Vs profiles (left) and dispersion curves (right) for S1AL seismic station using
inversion. Thé/s profile with the best fit is shown in black. The dispersion curve from the field
is shown indark gray
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The noninversion method was used to generatg profile until 30 m, as shown ifrigure
4-25. The figure also shows the dispersion curves generated by the sofihvepofiles showed
a layer of constant velocity with 25&/s until 5.5 m of depth. Then the velocity of the profile
increase$o 400m/s at 26.5 m depth, suggesting a stiffer layer. After &6.the profile shows a

constantelocity layer of 44Im/s.The Vssocomputed using this method i2&m/s.

The Vs profile acquired using the nanversion showedin general an increment of
velocity with depth, starting with a continuous layer of velocity that transitmm stiffer layer
between 6 m and 25 m depfiine range of velocities observed in the profiles from both approaches
is very similar. The/szpocomputed by the nemversion method i2.8% higher than the results

acquired using the inversion.
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Figure4-25: Vs profiles (left) and dispersion curves (right) for S1AL seismic station using the
norrinversion method.
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Seismic Refraction Results

The 2D Vp profile usingthe seismic refraction method is shownRigure 4-26. For the
seismic refraction analysis, tevo-layer model was selected for this sifEhe results showed a
shallowVp of 396 m/s until an average depth4fl4m. Then, thé/r profile shovs a giffer layer

of 1,654 m/s.
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Figure4-26: 2D Vp profile for S1AL seismic statiorusing seismic refraction method

The Vp profile was transformed into\&s profile usingarange of 0.4 to 0.§p for the first

layer, and a range of 0.14 to UgXor the second layer to correct for the saturation of water in the

profile. The saturation of the profile is indicated by the sharp increment in velocity in profile

characterized byeslimentslUsing this rangehe first layer of th&/s profile has velocities between
158-237 m/s. The second layer of thg profile reaches velocities in the range236-330 m/s.
Assumingthe second layer until 30 m depth, ¥sovalue would be in a range 821-313 m/s
for this site, usinghe seismic refraction method his extrapolation likely underestimates the
velocity computed using seismic refractiofhe averag®sasoresultfrom the seismic refraction is

16% lower than theVssoresults using MASW.

113



4.2.8 S2ALSeismic Station

Location and Geology

The seismic station S1AL is located 3.5 km northeast of Flomaton in Escambia County
(31.0079 -87.22488. The geophysical survey was performedtoa3 of March 2022 using
active and passive MASW methods on the site. The terrain was flat in topography and clear of
vegetation at the time of the survey. The location of the survey lines used to colledataee da

shown inFigure4-27.

The geology of the site is Alluvial, Coastahd low terrace deposits from the Holocene
epoch from the Cenozoic era. Ttheposits are characterized by varicolored fine to coarse quartz

sand material that contains clay lenses and gras&me placeéSzabo etl., 1988)

Data Collection

An active and passive seismic survey was performed on th&ls#ective seismic survey
was used for MASW and seismic refraction analysis. For the active seismic g gggphones
were usedirranged in a linear array with a spacin@ ofi between eacbther, obtaining a survey
line of 94 m. Active data wergecorded with a sampling frequency gd@0 Hz for 1.5 sand a
delay of-0.1 s was used for recordingo acquisition filters were used. For MASW analydig t
active source was locat@8 m from he beginning of theurvey ling andfive shots were recorded
in the same positionFor seismic refraction analysis, three shots were performed from the
beginning until the end of the survey line, at 10 m each. The passive survey was performed using
24 ge@hones spaced 5 m in arshape arraywith a total length of 115 m, as shownRkigure
4-27. Passivalata werecquiredwith a sampling frequency ob6P Hz for 240s. A total of 10 files

of 240 s were recorded, reaching 4Gwii recording.
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Figure4-27. Site map with the location of survey line for S2AL seismic station

MASWResults

The Vs profiles and the dispersion curves using inversion are showigure 4-27 for
5,000 of the profiles generatedth the lowest misfitTheVs profile with the lower misfits shown
in blackand the field dispersion curvedrawn indark gray while the corresponding curves from
each of the profiles ar@lored according to their misfit valu€he profiles showed an increment
of velocity with depth. A twdayer profile was the best fit for this site. The shallow layer had
velocities around 2L m/s until 1.3 m depth. The profile then transitions to afstiflayerwith a
velocity of 542m/s. TheVsaofor this site was computed with a median values8.9m/s and a

standard deviation df.99m/s.
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Figure4-28: Vs profiles (left) and dispersion curves (right) for S2AL seismic station using
inversion. TheVs profile with the best fit is shown in black. The dispersion curve from the field
is shown indark gray

The noninversion method was used to genera¥ arofile until the 30m, as shown in
Figure4-29. The figure also shows the dispersion curves generated by the software. The profiles
showed a layer of constavelocity with 214 m/antil 5.5 m of depth. Then the velocity of the
profile increase$o 498 m/s at 23.5 m depth, suggesting a transition to a stiffer layer. After 25 m
depth the profile shows velocities between 583 to 64#8. TheVssocomputed usinghis method

is 357 m/s.

The Vs profile acquired using the neanversion showed an increment of velocity with
depth, starting with a ceinuouslayer of velocity that transition to a stiffer layer between 6 m and
25 m depth. The range of velocities observed in the profiles from both approaches is very similar.
The Vszocomputed by the nemversion method is 0.03% higher than the results acquseu

the inversion.
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Figure4-29: Vs profiles (left) and dispersion curves (right) for S2AL seismic station using the
norrinversion method.

Seismic Refraction Results

The 2D Vp profile usingthe seismicrefraction method is shown irigure 4-30. For the
seismic refraction analysis, tevo-layer model was selected for this sifEhe results showed a

shallowVp 363m/s until an average depth of 3.95 m. Then\hgrofile shovs a stiffer layer of
1,423 mé.

1305
1070
834
599

Depth (m)

363

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 T2 76 80 84 88 92 96 (ms)
Distance (m)

Scale = 1/ 500

Figure4-30: 2D Vp profile for S2AL seismic statiorusing seismic refraction method

TheVp profile was transformed into\&s profile usingarange of 0.4 to 0.¥p for the first
layer, and a range of 0.14 to UsXor the second layer to correct for the saturation of water in the
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profile. The saturation of the profile is indicated by the sharp increment in velocity in profile
characterized by sedimentssing this rangehe firstlayer of theVs profile has velocities between
145218 m/s. The second layer of thg profile reaches velocities in the range2®3-284 m/s.
Assumingthe second layer until 30 m depth, ¥sovalue would be in a range @93-284 m/s

for this site, usig the seismic refraction method:his extrapolation likely underestimates the
velocity computed using the seismic refraction methblte averag®/ssoresult from the seismic

refraction is33% lower than theVszoresults using MASW.
4.2.9 Y4T7ASeismicStation

Location and Geology

The seismic station Y47A is located approximately 4 km of southwest of Winfield in
Fayette CountyAlabama(33.9025-87.84940. The geophysical survey was performedtoeo™
of April 2022 using active and passive MASW methath the site. The terrain was flat in
topography and clear of vegetation at the time of the survey. The location of the survey lines used

to collect the datareshown inFigure4-31.

The geology of the site is Alluvial, Coastahd low terrace deposits from the Holocene
epoch from the Cenozoic era. The deposits are characterized by varicolored fine to coarse quartz

sand material that contains claydes and graveh some placeéSzalo etal., 1988)

Data Collection

An active and passive seismic survey was performed on th&lsg@ctive seismic survey
was used for MASW and seismic refraction analysis. For the active sd&e@gophonewere
arranged in a linear array with a spacin@ ofi between each other, obtaining a survey lin@4of

m. Active data wereecorded with a sampling frequency g®@0 Hz for 1.5 sand a delay 0{0.1
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s was used for recordinilo acquisition filters were used. For MASW analydig &ctive source

was locate®5 m from the beginning of theurvey line andfive shots were readed in the same
position For seismic refraction analysis, three shots were performed from the beginning until the
end of the survey line, at 10 m ea€he passive survey was performed using 24 geophones spaced
5 m in an Lshape array, with a total letngbf 115m, as shown ifrigure4-31. Passivedata were
acquiredwith a sampling frequency obR Hz for 240s. A total of 9 files of 240 s were recorded,

reaching 36 nm of recording.
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Figure4-31: Site map with the location of survey line for Y47A seismic.

MASWResults
The Vs profiles and the dispersion curves using inversion are showigure 4-32 for

5,000 of the profiles generatedth the lowest misfitTheVs profile with the lower misfiis shown
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in blackand the field dispersion curvedrawndark gay, while the corresponding curves from
each of the profiles are colored according to their misfit valte profiles showed an increment

of velocity with depth. A threllayer profileshowedthe best fit for this site. The shallow layar

the velocity profilehad velocities around 324 m/s until 9.4 m depth. The profile then transitions to
velocities of 444m/suntil 26.6 m depth. After 26.6, the profile shows a stiffethird layer of
velocities of 1248 m/s. Thé&/saofor this site was computed with a median value of 425 m/s and a

standard deviation of 1.16 m/s.
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Figure4-32: Vs profiles (left) and dispersion curves (right) for Y47A seismic station using
inversion. TheVs profile with the best fit is shown in black. The dispersion curve from the field
is shown indark gey.

The noninversion method was used to general arofile until the 30m, as shown in
Figure4-33. The figure also shows the dispersion curves generated by the software. The profiles
showed a layer afonstant velocity with 282 m/s until 5 m of depth. Then the velocity of the profile

increases until 27.B depth reaching 627 m/s, suggesting a stiffer layer. Afieb 2, the profile
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shows a second layer of velocities between 690 m/s and 744 m/spAitdsif velocity is located

at30m depth with 1096 m/s. TheVsspocomputed using this method444m/s.

Figure4-33: Vs profiles (left) and dispersion curves (right) for Y47A seismic staiging the
noninversion method.

The Vs profile acquired using the neanversion showedin general an increment of
velocity with depth, starting with eortinuouslayer of velocity that transition to a stiffer layer
between 6 m and 27.5 m depth. The ranfeelocities observed in the profiles from both
approaches is very similafter 25m depth After this depththe profile using the inversion method
reachd higher velocities than the profile calculated with the-imrersion techniqueThe Vs3zo

compute by the norinversion method is 2.6% lower than the results acquired using the inversion.

Seismic Refraction Results
The 2D Vp profile usingthe seismic refraction method is shownHkigure 4-34. For the

seismic refraction analysist&o-layermodel was selected for this siteheVp profile showed a
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