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COMBINATION OF ACTIVE A ND PASSIVE MASW WITH HVSR METHOD FOR IMPR OVING
THE ACCURACY AND REL IABILITY OF VS MODEL (IN SITE RESPONSE ASSESSMENT)

Annual Report for the Period January 201December 208
Dr M. Ezersky

M. Gorstein

M. Kalmanovich

The Geophysical Institute of Israel

ABSTRACT

Estimating possible site effect is an integral part of evaluation of the seismic hazard and reduction
of earthquake damages. In regions with low or modegsatsmicity as in Israelhée site response

should be determined by analytical tools. These computations require the knowledge of the
subsurface geological structure in terms of shemare velocity (Vs) profile down to seismic
bedrock. Conventionally, thiproblem is resolved by joint implementation of Horizotdal
Vertical Spectr al Ratios (HVSR o rambentknaiseur a 6 s
measuremeni@nd seismic methods such aw&ve refraction or Multichannel Analysis $firface

Waves (MASW) method. The first one significantly limited in resolutiobecause of weak source

of Swaves The MASW methoaormallyusing 4.5Hz geophones is restricted in penetration depth

of surface waves because of frequency (wavelength) limitations. In tioig, ste have applied

2.5Hz geophones and special data processing to provide constructing Vs section down to bedrock
located at 100n deep Suggested methodology has been tested last year at a number of sites on the
Dead Sea shore, where subsurface modepiesented by two compact salt layers serving seismic
reflectorslying within the loose sediments. The depth of the upper salt layer is in the rafi§e 20

m, while the depth of the deeper salt layer was estimated greater the 200 meters. In the present
study we focused on validation of the MASW measurements in geological conditi@nesoft
sediments overlay a hard layer, whichisturn, underlain by another firmer on€he lower one

is the fundamental reflectoin addition totwo siteschecked in th first stage of the Projedhe

Navot site (North of Israel) and Ramat Hakovesh site (the town of Tira, Central, latdel$ stage

we have investigated HaHahemicals site (Krayot, Haifagnd Alon Tavor gas station (North) .

Both arecharacterized yothe strongechnicalnoise within the frequency range r@sonanceAt

both sites Svave refraction surveys were previousignducted, however the results were not
satisfactoryln these cases as well as previous siteslified methodology of MASW sigficantly

improvel the resolutionprovidal information on upper part of the section (in the frequency range
contaminated by machinery noisajd being combined with HVSRIlowed constructing Vs
sectiongdownto adepth of fundamental reflector.

Key words: Seismic Hazard, shearave velocity structure,cive and passive MASW, HVSR
method, ambient noise.
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1. INTRODUCTION

Subsurface ground conditions, which might cause significant amplifications due to high
impedance contrast between soft soils and a firm bagemegjuires the need to estimate the
expected ground motions and determine the main characteristics of the seismic response of the
underground (i.e., resonance frequencies and amplifications) for the seismic hazard assessment and
risk mitigation.

Techniqies developed to identify the main characteristics of site responses for soft deposits
(i.e., resonance frequencies and amplification factor) may be grouped into three main categories
(BonnefoyClaudet, 2008

1. Anumerical simulation approach coupled withssical geophysical and geotechnical tools

(such as seismic refraction, seismic reflection, boreholes, penetrometers, etc.) in order to
provide reliable estimates of the required input parameters including thickness, density,
damping and Svave velocity 6 different soil and rock layers at a site

2. Direct measuring of the site response on the basis of earthquake recordings on specific

stations located at carefully chosen sites.

3. Methods based on ambient noise recordings.

The first group of methods based oilization of seismic exploration to determine subsurface
structural models may be very expensive. Moreover, predicting site effect parameters based on
models inferred from geological and geophysical information only, may differ significantly from
experimemal estimates4aslavsky, et al. 2005, 2008, and 2009

The second techniqueldrpe, et al., 1988; Satoh, et al., 199Btovides an unbiased
experimental estimation of the site transfer amplification factor, its use in regions with relatively
low seismicactivity like in Israel is usually impractical.

Finally, the third group is a practical and low cost tool is becoming more and more popular
over the last decade&dgami, et al., 1982; Yamanaka, et al., 1994 offers a convenient
technique, especiallyntough urbanized areas.

In the last decade, the Geophysical Institute of Israel (Gll) used H/V spectral ratios from ambient
noise (HVSR) supplemented with -gite geophysical, borehole and geological information to
derive the required models of the suliace. Part of the information (Vs profile) is usually obtained
from Swave seismic refraction survey®almer, 1986 However, use of the latter is often
hampered by problems in generatingv8ves because of weak source and the difficulties in
performing ageophysical survey in urban areas. Another method allowing constructing the
subsurface Vs profile is the widely used Multichannel Analysis of Surface Waves (MASW). The
MASW technique is based on the study of the dispersion of surface Waads €t al.. 1999.
Since a surface wave is frequency dependent; i.e., dispersive, the Vs structure can be obtained by
inversion of surfacevaves dispersion curveXig, et al., 1999 Depending how the surface waves
are generated active and passive MASW techniquédsezgpplied(Park, et al., 2007 The passive
MASW is based on measurements of ambient noise (tidal motion, sea waves, wind, traffic, industry
activities). In most cases, passive MASW method is combined with deivV8W using a
sledgehammer and other aetiseismic sources (sledgehammer, dropping weligletjcite surface
waves(Park, et al., 2005

The MASW method was largely developed taking into account requests of the National
Earthqguake Hazard Reduction Progr aomaveraghdNEHRP)
shearwave velocity (Vs) over 30mBSSC, 199) Therefore, thecquiring data for th&1ASW
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conventionally usd4.5Hz geophonesvherethe penetration depth of surface waves is restricted
(usually,to theuppermost 30m) because of frequencyu@angth) limitationsRark, 206).
Boor et al(1997) notead thattheuse of average sheaave velocity to a depth of 30m as a variable
to characterize site conditions is a choice dictated by the relative unavailability of velocity data for
greater depth It is thereforenecessary to develagpdeeper estimain of Vs profile. That is why
one of the objectives of this study is modifying the MASW method to increase penetration depth.
The main goal of this study is to combine H/V spectral ratio from ambaese (HVSR method)
with the modified MASW technique to obtain reliable sheawe velocity structure of the
subsurface. A combination of these methods allows deriving quantitative informaticwaveS
velocity sections for the study site and enablegstigating deep properties of the medium. The
main objectives are as follows:
- Modifying of the MASW method to increase the penetration depth and resolution;
- Applying the improved MASW method in its active (passive, combined) modes to
constructing of sheawave velocity (Vs) profile;
- Evaluating 1D subsurface model down to a seismic reflegtaffitting an analytical transfer
functionto an observed HVSBonsideringvs-depth profile from MASW;
- Testing combination of HYSR and MASW methods in different ggold conditions.

Similar combination of techniques is reported for the first timeeismological literature by
Scherbaum et g2003. This combination allows derivinguantitative information on -#ave
velocity sections for the study site and enalhegstigating deep properties of the medium. The
main objectives are as follows:

- Modifying the MASW method to increase the penetration depth and resolution,

- Applying the improved MASW method in its active (passive, combined) modes to construct
shearwawve velocity (Vs) profile;

- Evaluating 1D subsurface models via fitting an analytical transfer function, using SHAKE code
to an observed HVSR and taking into accountdépth profile from MASWmeasurements and
available geotechnical and geological dataasstraints

- Testing combination of HVSR and MASW methods in different geological conditions.

2. P- AND SWAVE VELOCITIES IN' S OILS AND ROCKS OF ISRAEL

2.1. METHODS OF \s MEASUREMENTSI BRIEF REVIEW.

Shearwave velocity measurements are an important part sigdig buildings in site
specific conditions such as soil liquefaction, grogpeéctral earthquake response etc. Being mostly
independent on soil saturation, sheave velocities are more indicative of soil properties and can
be used as a diagnostic tdot engineering properties. Seismically, shearve velocity (Vs) is
the best indicator of shear modulus that is d
the most critical engineering parameters. There are several methods of Vs measunemen
laboratory conditions and in4situ conditions. Each method has its advantages and disadvantages.
Laboratory methodsclude (1) the resonant column test; (2) the cyclic torsion tests, and (3) the
Bender element testa$TM D3999, 1991(1996); Schkider, et al., 199%tokoe and Santamarina,

2000; Terzaghy, et al., 1996]Jhese tests should be carried out on undisturbed samples, but
sometimes they are carried out on compacted or reconstructed (remolded) ones. Laboratory tests
allow measurement of ehrwave velocities at controlled conditions and different shear
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deformations, affecting shear modulus (G) and velocity (Vs). These methods enable taking into
account Vs decrease in accordance with shear deformations indreaséd and Dobry, 1991
Recntly, similar tests were carried out forsitu conditions $tokoe Il, et al., 200). Deformations

used in calculations are derived for a typical earthquake. However, Vs values measured for soil
samples are strongly different fromsitu velocities. Théaboratory testing islativelyexpensive.

In-situ geotechnical methodRecently, Snvave velocities are being calculated from correlations
between Standard Penetration Tests (SPT) parameter and Vs vel@atiesd, 200/ The SPT

is carried out in aardance with ASTM D15862008. Interpreting data is based drrzaghi et

al. (1996 and DIN 40942 (1980. SPT testing is carried out in Israel using standard equipment of
63kg weight falling from the height of 76cffhe number blows required to inser¢ tBPT device
30.5cm (12 inches) is determinethis value is reported as the raw (uncorrected) Standard
Penetration Test (SPT) blegount Ng.,. The correlation between N and Vs is explained by

dependence of SPT blegount Ng,; on relative density of soilarter, 1983; lyisan R., 1996;
Terzaghi, et al., 1996Comprehensive review of N.-Vs correlations has been carried out by

DeJong 2007). The following example shows correlations between.Nand Vs for Dead Sea
lime carbonateKig. 19.

400 ——{For ciay 0

7 1 Ve=3R 9’\0-333@5\[:1-&-10, 1078) = = = — : i Vsl b d on:
2 vs=13700 271 (Bitilakis, 1999 - - - - : $ logs bassd on:
3. vs=80.77N0.292 Imai, 1977) R - - SPTWsfor Alluvial
L 10 H

>} fine sand

N i SPT-Vs Alluvial
300 4o~ : medium sand
| ) '] - —| MASW technique
; '2:' ’ L ERSIPPrEC N
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Figure 1. Shear wave velocity (Vs) based on Standard Penetration Test N blows. (a) Vs versus N
relationship forthe Dead Sea lime carbonate. Relationships of otherarebergpresentedrom DeJong
review (2007) obtained in similar soiendare presented for comparisfmeferenced byykora 198Y: (b)
Vs versus depth graphs calculated for fine and medium sands from SPT log usifgo@@he&stimator
(Ashkelon area). Giphs are compared with Vs versus depth graph calculated at the same site using MASW
technique.

Analysis shows that correlation for lime carbonates is high enough. However, it is significantly
higher than that for sanetyravel sedimentsszersky and Livne2013. One can see from Fig. 1a
that relationships derived by different researches for similar lithology are close to the Dead Sea
Lime carbonate, whereas sanghavel sediments show essential scatter. Ohta and G&T®) (
suggested a method to calculate hased on properties of soils. It was utilized as a Vs estimator
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calculating Vs versus KT blows and taking into account soil type, geological epoch of soil and a
combination of other factor§6ftware for estimation, 1999 xample ol/s distribution calculated
for fine and medium sands from SPT log using G@htdo estimator are shown in Fig. 1b. One can
see that Vs calculated from®N is strongly dependent on the lithology, whereas the MASW
methods nicely approximates both calculajeaphs; showing that upper Vs values are determined
by fine sand, whereas lower part of the graph coincides with medium sand. Another Vs calculation
method based on Hadrin and Drnevi@éB{2 model allows calculation of Vs as function of void
ratio (e), onfining pressure (kPa), specific gravity and soil conditions (dry or saturated).

In situ geophysical methods include borehole and surface measuremientsost accurate
among thenis the crosshole method(ASTM D4428/D4428M, 200y This method requigeat 3
or at least 2 highly parallel boreholes (accuracy of measurement of distance between 2 boreholes
can be computed to withih2% to a depth of about 30m. [4.2.1]. The inclinometer is also required
to perform accurate measurementlistances between borehole source and geophone position.

Another method is the downhole oneS(TM D7400, 200y allowing Vs measurement of a
single borehole. The borehole is encased by a PVC pipe or filled with bentonite to stabilize the
borehole walls. Iithe first case, measurements can be affected by the quality of the borehole walls
and fill geometry. In addition, soil characteristics in borehole can differ from those in the site
located 100m away.

Surface methods measurements include seismic refragtiemeasurementsP@lmer, 198p
and Surface Wave prospecting (SWP) methéusl, et al., 1999; Socco and Strobia, 2004
refraction method is based on direct measurements, SWP method is based on the nature of Rayleigh
waves whose phase velocity dependsVs and its distribution with depth. Latter waves are of
dispersive origin that testifies possibility to penetrate to different depths. Although methods like
shearwave refraction, downhole, and crdssle surveys can be used, they are generally less
eonomical than Multichannel Analysis of surface Waves (MASW) in terms of field operation,
data analysis, and overall cost.

2.2. Seismic velocities of soils and rocks in Israel

Therangesof seismic velocities in the soils and rocks of Israel is presenteid.ir2a and
b, respectivelyin graphical formAnalysis ofFigs.2a and2b allows us taconclude that ranges of
both Vp and Vs seismigelocities in soils and rocks generally confornthiose measured by other
researchers in shallosubsurface Jakosky 195y However, Vp valuesn rocks reported in
literature are higher (fonstance, Vp = 5800 m/s in granite, Vp = 6100 in limestone) than
those measured in Isradlhe higher Vp alues could be explained by thgh stress and better
rock quality in deepneasurement conditions. She@ave velocitieaneasured throughout Israel
vary by a wide rangdrom 100 m/s in sands and lime carbonataméoe than 600 m/s in gravels,
and from 400 m/g conglomerates to more than 2400 m/basalts and dolomites. Valility of
Vs andthickness of soft sediments overlying hard ronkhe one side, and very limited availability
of densely distributed geotechnical information saslVs at depth call for less expensive and less
time consuming methods to provide the reggh parameters for site effect assessment. Data
presented irFigs. 2a and2b allow consideratiorof approximate range of Israeli sediments and
rocks for preliminary evaluation of possible gsigsponse and modeling. Separately, we consider
velocities in he salt constituting firm layers alotige Dead Sea coastal area.
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Figure2. Range of Vp and Vs in soils (a) and rocks (b) measured in Iska#éliand in laboratory (in
brackets) conditions

3. METHODS
3.1. HVSR METHOD
3.1.1.General

Nakamua (1989 hypothesized that site response could be estimated from the spectral

ratio of horizontal versus vertical component of noise observed at the same site (site of interest).
The HVSR technique has become the primary tool of choice in many of thenamdbige related
studies and it has been successful in seismology to estimate the local transfer function in the site
response problem in Israel and worldwideerfno and Chavegarcia, 1994 Mucciarelli and
Gallipoli, 2004; Seekins et al., 1998aslavskyet al., 2008, 2005h2008, 2002 The Nakamura's
method is based on the assumption that microtremors consist of body waves. Enomd0Gf) al. (
and Mucciarelli and GallipoliZ004) claim that the H/V spectrum of ambient noise is dominated
by the upwardpropagation of SH wave through the layered media. On the other hand, an
explanation based on the opposite assumption that microtremors mainly consist of surface
(Rayleigh) waves is also successful (see Eap.et al., 2001; Lachet and Bard, 1p8bthmodels
agree that the H/V spectra and the site response function for SH wave are the results of the velocity
structure of the media, that both exhibit the same fundamental resonance frequencies with similar
amplitudes at least when considering small mation

It was demonstrated through many studiéss(avsky et al., 2005, 2008, 200%hen noise
measurements are made near boreholes and/or near refraction surveys, the fundamental frequency
and its corresponding H/V amplitude are practically the same dartiamental frequency and
amplification derived from the computed transfer function of&¥es at low strains propagating
through a relatively simple-D model of the site, known from geotechnical and geophysical
surveying. Computer code SHAKE¢hnabelet al., 1972 is used to analytically evaluate site
response function. The specific parameters required for this analysis are:

- S-wave velocity, thickness, density and damping of each layer in unconsolidated sediments;

- Swave and density of the hard rockf(ector).
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3.1.2.Data acquisition

The methodology of HVSR data acquisition and processing is considered in details in
Zaslavsky, et al.2009. Ambient noise measurements are conducted using portable instruments
(Shapira and Avirav, 199=onsisting of a mukchannel amplifier, Global Positioning System
(GPS) for timing and a laptop computer withldi6analogueto-digital conversion card to digitize
and store the datéFig. 3).

k A Il
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Figure3. Photographs of noise measurements: {@ponent 1Hz seismological station; (b) recording
of seismic noise; (c) Field records.

Each seismograph station consists of three (one vertical and two horizontal) L4C velocity
transducers (Mark Products) with a natural frequency of 1.0Hz. The sampeabl®0 samples
per second and filter baxmhss is between 0.2Hz and 25Hz. All the equipment: sensors, power
supply, amplifiers, personal computer, and connectors are portable allowing performing of
measurements in autonomous m@eig. 3b). Examples oB-component noise records are shown
in Fig. 3c. Presented pattern of measurements is typical and repeated from site to site.

3.1.3.Dataprocessing

Data processing is explainedkig. 4. For each site, the average H/V spectral ratios and
their corresponding stalard deviations are determined by applying the following process: (1) time
windows, each of 380 seconds long depending on fundamental frequency, are selected. (2) A
Fourier transform is applied on the time windows, using cetsipering (1second at ed&cend)
before transformation and then smoothed with a triangular moving Hanning window. (3) For each
site a set of up to 50 time windows is selected, records within these time windows are compiled,
each window provides an H/V spectral function.

Data procesing is carried out using "SEISPECT" software developed in the Geophysical
Institute of Israel RPerelman and Zaslavsky, 200BEISPECT is a MATLABapplication for
spectral analysis and processing of ground motion including seismograms recorded pgrabtbrt
and broaeband seismic stations, as well as strong motion accelerometers. The main modules
realized in the program are: visualizing and editing of the input data; selecting time window and
computing Fast Fourier Transform (FFT) and H/V spectral sagaving and displaying results.

The average spectral ratio for each of two horizontal components is computed; if the curves of
average spectral ratios of the two components are similar then the average of the two horizontal
to-vertical ratios is defineds:
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Figure4. (a) Example of individual (1) and average (2) spectral ratios obtained on tth&&seahore; (b)
Analytical transfer function (4) in comparison with observed H/V spectral ratio (3). Arrows denote the
resonance frequencies.

3.2. MASW METHOD
3.2.1. General

Surfacewave dispersion inversion (SWDI) is a standard approach for inferring a 1D Vs
structure.Surface waves, commonly known as ground roll, are always generated in all seismic
surveys, have the strongest energy, and their propagation val@iienainly determined by the
me d i u mowavesdloeity.r

The development of multichannel equipment has led to exploiting the methodology known
as Multichannel Analysis of Surface Waves (MASWak, et al., 1999; Xia, et al., 1999 he
MASW method isbasically an engineering seismic method dealing with frequencies mainly 3
30Hz recorded by using a multichannel (24 or more channels) recording system and a receiver
array deployed over a200m distance.

Surface wave method comprises of following maiocpdures: (1) generag dispersion
image from surface wave records; éX}ractingdispersion curvef the MASW method; and (3)
its inversion withcalculating shear wave velocity (Vs) vertical profil&hus,dispersion curve is
anINPUT of the MASW metld, whereashear wave velocity (Vs) vertical profile is its OUTPUT.

The study of earth parameters affiect the dispersion curve shapsuth asVs, Vp, density
Poissonbds Ratio etc.), as well as i nveaemsi on
aspects of the data processi{Ragrk et al., 1999; Xia et al., 1999

f
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In this study H calculationsare carried out using SurfSeis v3. Software of Kansas
Geological survey (KGS). Software allows any combining of active and passive dispersios image
with different parameters of measurements (different frequency, separation of geophones etc.).
The active MASW method generates surface waves actively through an impact source like a sledge
hammer, whereas the passive method utilizes surface wavesatgeneassively by cultural (e.g.,
traffic) or natural (e.g., thunder and tidal motion) activitieark, et al., 2007

Active MASWACctive-source surfacevavedispersion measurements are made with typical
seismic shot gatherers that are a collectiosecgmic traces, which share some common geometric
features. The wave field is transformed into a frequemaye number (or frequenefowness)
domain in which the maxima should correspond to sufeeee signaturegFig. 59. Several
modes can be picked bfor such dispersion curves if the propagation mode signatures are well
separated. The dispersion curves are then inverted for a 1D Vs profile with depth. When data are
collected in a rotalong mode, each 1D profile is represented at its correspondipgimi spread,
allowing a pseud@D Vs section to be drawithe inverse problem formulation imposes that the
investigated medium is assumed as-dimensionalunderthe spread. Long spreads are required
to record wavelengths large enough for increasingnthesstigation depth and for mitigating near
field effects Bodet, et al., 2005; Socco, et al., 209

Amplitude, % Amg\'rtude,%
20100 15 . .U

Phase velocity Vph, m/s

T T S | " sl RRES z ] ::' fihn k-
1520 25 jh 5 10 15 20 25
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|H dispersion curve; - - S/N Ratio; S/N - Signal-to-Noise (S/N) Rati0|

Figure5. Examples of dispersion images (DI) and extracted curves from the Ein Bogeq site (Dead Sea).
(a) Active MASW; (b) mssive MASW; (c) Combined (active + passive) image.

Passive MASWThe passive surface waves generated from natural (e.g., tidal motion) or
cultural (e.g., traffic) sources are usually of a{waquency nature with wavelengths ranging from
a few kilometergnatural sources) to a few tens (or hundreds) of meters (cultOiedda, 2008
providing a wide range of penetration depths and therefore a strong motivation to utilize them. The
ambient noises are recorded using receiver arrays (antennae) arrarifferer® geometrical
figures (linear, circular, cross layout, etc. array$)e dispersion image and extracted dispersion
curve are extracted-{g. 5b. The most accurate estimation is obtained through a survey using a
true 2D receiver arrayP@rkand Miller, 20069. However, because the true 2D receiver array, such
as a circular and crogayout ones are not a practical or possible mode of survey inupuitban
areas, a method that can be implemented with the conventional 1D linear receiver array can be
effective in this casd.puie, 200). The data processing scheme can be found in Park, 20@d).(

Combination of active and passive MASW measuremirgpersion images processed
from active and passive data sets should be combined to obtain imprspetsion curveg-ig.
50). The active MASW method generates signals in the ran§eB0Hz, whereas passive one
allows for widening that to the low frequency range down to geophone frequency. Combining two
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signals, we widen the range of frequenciesftb5-30Hz, and sometime even up to 50Hz. Thus,
the penetration depth can be increased to a deep range (low frequencies) and the uppermost depth
can be decreased (high frequenci®ark, et al., 2004

3.2.2.Data acquisition

3.2.2.1. Practical aspects of data acquisibn

Although methods like sheavave refraction, downhole, and crdssle surveysre widely
used, they are generally less economical than any other seismic methods in terms of field operation,
data analysis, and overall cost. The great advantage afrtaeeswave method in comparison with
the S-refractionsurveyis quality of the field recorddt is clearly seen fromamparson of two
acquisition methods iRig. 6.

Digipulse S-wave system Digipulse P-wave system
§ g 1' ] T [ Verticall stroke - 200 kg
: = b ) = : hammer +slingshot

Horizontal stroke
30 kg hammer

-

Figure6. Comparison of seismic methods femn@ve acquision. (a) Excitation of Svaves in the seismic
refraction technique using horizontal stroke on metallic beam3@ykg hammer(b) excitation of surface
wave of R (Rayleigh) type using vertical stroke by 200 kg hammer forced by sling3haty data obtaed
at such stroke complicated by strong no&se (d) fieldrecords oksurface waves.

Surveys were carried out along the same length line by different hammers. The data
acquisition of Swaves with the refraction method is carried out usitgrizontalstroke of the
30kg sledge hammekFiQ. 6a) allowing a most clear excitation of SH waves at the background of
other waves.
However, because of weak sourcew&ve records are complicated by ambient noksg. @€b)
allowing penetration of 8vave as a ruleot2530m. On the other hand, surface waves, because of
strong vertical stroke by 200kmammer (in our case, forced by slingshoBig( 6¢) are
characterized by the strongest energy, and their propagation velocities are mainly determined by
t he me darwavé\elocgyhQuality of the field records is significantly higtfég(6d) and
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allows penetrate down to depths determined by wavelength (that is usually some tens to hundreds
of meters).

3.2.2.2. Modified data acquisition

Active MASWConventional seismic dat(i.e., the vertical componeant the wave field
from common shot records obtained in shallow refraction surveys) were Tseithcrease
penetration depth of surface waves we used vertical low frequency 2.5Hz geofffign&s)
implemented to seismic it (Fig. 7b). Receiver spacing was varied with respect to necessary
penetration depth from 2H0m; shot location was-B0m away from nearest trace (eifd
shooting).Data excitation was carried out using power Digipulse hydraulic source mounged on
Chevrolet pickup truckKig. 6). Both geophone frequency and power source facilitate recording
raw data of high quality and more penetration depth.

........

¥ i @ Ay £ .

Figure 7. Modified MASW data acquisition. (a) 1 2.5Hz geophone and 2 10Hz geopbne (for
comparison); (b) MASW profile comprised of 32 of 2.5 Hz geophones, signal is excited by Digipulse
seismic source (is seen at the end of lifidle wave exciting is shown iRig. 6¢cand field records are
presented iffrig. 6d

A Summit Il plus seisiic recorder was used with a-28 geophone spread (vertical 2.5Hz
geophonesThe number of geophones as well as line lemgtreselected in accordance with the
depth of target.

At first, P-wave seismic refraction study was carried out along study Bireg2.5Hz vertical
geophones. Record length fomRwve refraction was as 50@s. Then record length was incredse
to 2000ms and surface waves were recorded.

Passive MASWPassive MASW measurements were carried out using linear system located
along theroads (roadside schema) with 2.5Hz geophone separation of 5m. Othsrusedyin
Israelwere circular arrag with 5-10m separation between geophoregefsky Gorsteinet al,

2013. Then active and passive records were combined using SurfSeis v3 softwar

3.2.3.Data processing

Data processing is applied to (ayave refraction data, and (b) surface wave data.
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(a) P-wave refraction processing is intended for constructing of Vp depth layered model and
determination depth to firm layer (reflector). These datauaeel for generatingninitial
model for surface wave inversion.
(b) Surface wave data are used for: (1) generation of dispersion i(@agetractingdispersion
curve that is an INPUT of the MASW methpdnd (3) its inversionvith calculation of
shear wavevelocity (Vs) vertical profildOUTPUT of the MASW method)All these are
carried out using SurfSeis v3. Software of Kansas Geological survey (KGS). Software
allows any combining of active and passive dispersion images with different parameters of
measurments (different frequency, separation of geophones etc.).
An inversion of the dispersion data is carried out ubimgarizedinversionwith a gradientased
iterative method Rark, et al., 1999, Xia, et al., 199%nplemented to commercially available
SurfSeis v.3 softwareP@ark, 2006). The Root Mean Square Error (R.M.S.E.) between the
theoretical dispersion curve and the measured one is usually used as an indicator of the closeness
between measured and iteratively calculated dispersion curves. Usudithgarized inversion
methodsconstraintsare applied to the solution in order to reduce the degree efimqueness.
Constraints arebtained fromavailable independent geological and geophysical information, such
as longitudinal (compression) wavelocity (Vp), depth to reflector layer or half space, firm layer
thickness and composition, geological section of the site under investigation.
For instance, seismic refraction Vp depth section is showigi8a. From this section one
can see that bedrk is located at a depth of 25m and is characterized by Vp = 3100m/s. The
bedrock is overlain by water saturated sediments with Vp = 2460m/s in a depth rar@jsmaf 5
These data are intended to conftheresult of inversion by possible parameters. @hspersion
equation depends mainly on Vs, and thickness value in the layers. An appropriate choice of these
parameters (the initial model) is considered as a fundamental issue for the successful application
of inversion Gocco and Strobia, 20p4
The mostimportant part of the MASW data processing is constructing an initial layered
model for inversioninversion is carried out at constant Vp val(iesour case Vp = 3100 m/s)
wher eas Poi s s Bzarékgetd® R201BaSuclviversiona procéduatiows stabilizing
of the inversion result®esult of inversion of the combined dispersion curve presentéd.ibis
shown inFig. 8b as Vsi depth section. Note that number of layers should be not so large (usually,
5-7 layers) to avoid equivaleng@yoblem Cerato et al., 200Renalier et a010.
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Figure8. MASW data processing of the dispersion image presentemirbc(example from Ein Bogeq
site Dead Seg (a) Seismic refraction velocity Vp depth section usezbastraint for inversion; (b) MASW
Vs depth section inverted from dispersion cuiizeersky, Gorstein et al., 20113
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Generally bounds of wave velocities are present&jin2 Some parameters can be selected using
well-known rules of thumbXia, et al.2003: (a) Vp versusVs ratio can be considered bounded

for near surface materials, assuming Poisson's ratio, with values ranging freth482(b) The
Rayleighwave velocity in a uniform halipace is very close to the Vs of the lay&s. a reference
model for inversion, Vs can be approximated by the phase velocity multiplied by a correction factor
(less than unity for fundamentalode data)The examples of field records and data processing
will be considered in continuation.

3.3. COMBINATION OF HVSR AND MASW METHODS

Data collected from a few seismic profiles provide information on the& velocities
and thickness of shallow sediments (down telBOm) within the accuracy and resolution of the
geophysical technique. Seismic MASW profiles are normdigigned to obtain maximum
information on Vs of the lithological units represented in the study area and in the vicinity of
boreholes. Measurements of ambient vibrations are also carried out either very close to or directly
at drilling sites where detadeinformation on the subsurface is available. The logging data are
incorporated to obtain more detailed and reliable information about the subsurface. Then, the
borehole and geophysical information are combined with the observed spectral ratios to estimate
the depth Svave velocity profile.The iterative procedure based on the stochastic optimization
algorithm Storn and Price, 199%s applied in order to fit an analytical transfer function (&im
4b), estimated using SHAKE cod&chnabel et al., 19720 an observed H/V spectral ratio (3 in
Fig. 4b), focusing mainly on the resonance frequencies (arroviggindb) and considering the
shape H/V curve Thus, combining the borehole and geophysical information with the observed
spectral ratios-D the deph 7 Vs velocity profile is derived

3.4. RESOLUTION OF MASW METHOD
3.4.1. Resolution of MASW methagkeneral setting

There are considered two medd the MASW resolution: verticdRix and Leipski,

1991; Park et al., 199@nd horizontal one@Park, 200506 Ne i | | )eMerticllresolutiod 0 O 8
method determines the accuracy of the methoddtctinghin layers at different depths of the

velocity section. Horizontal one considers possibility of the method to detect lateral
heterogeneitieat different depths Generally, vertical resoluticthecreasewith a depth. Lateral
resolution depends on parameters of data acquisition such as length of seismic line and separation
between geophones.

In the MASW method the wavkeld is transformed to the fregncywavenumber (or
frequencyslowness) domain in which maxima should correspond to surface waves. On such
generated dispersion images, several dispersion curves can be picked if propagation modes are well
separated. Dispersion curves are then invertec fdD Vs profile with depth. When data are
collected in a rotalong mode, each 1D profile is represented at its corresponding spread midpoint
allowing a pseud@D Vs section to be drawn.

One well known limitation of the method is its traolé between &teral resolution and
investigation depthGabriels et al. 19§70n one hand, the inverse problem formulation imposes
the investigated medium to be assumedubBerthe spread. Additionally, the spread itself has to
be short enough to achieve lateral te8on if profiling is performed: the size of heterogeneity
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detected cannot be less than length of seismic aek(et al.2005) On the other hand, long
spreads are required to record wavelengths great enough to increase investigation depth and to
mitigate neafield effects OO0 Nei | | 200 3; Bod ¢ tHowever, saveral 2 00 ¢
countermeasures exist to overcome such drawbacks, particularly when the seismic setup provides
redundant data. Specific processing techniques (offset moving windows andidisjgéacking)

can be successfully used to narrow the lateral extent of dispersion measur@&@ubl#s €t al.
2004;Hayashi and Suzuki 200&randjean and Bitri 2006; Neducza 2D0OWhen applied, it is
possible to extract more local information aboutitheestigated medium along the line and thus

to retrieve its lateral variationS¢cco et al. 2009; Boiero and Socco 2010; Strobbia et al).2011

Bodet (inEzersky et al., 2013adescribes similar research carried out in the GheHaditha
(Jordan)whereanticipated strong lateral heterogeneities associated with sinkholes but still needed
great investigation depths to investigate salt layer at 40m deep. The dense multifold acquisition
geometries was used allowed the reaching such-tfide

3.4.2. Numbeof layers and resolution

The layered model of the subsurface can be considered either as (a) the drawing of the
geological structure of the subsurface (when there is significant property contrasts between the
layers); or (b) as the discretization of tineestigated domain (e.g., dividing of the continuous
medium to layered structure). In the first case, both velocity (Vs) and layer thickness (H) are
unknown. In the second case, only velocity (Vs) is considered unknown and the discretization has
to be closen in accordance with the loss of resolution with depth (e.g., layer thickness should be
increased with depth). In both cases, the parametrizatiortheenumber of layers and the
maximum depth, has to be carefully designed for evaluating the invastg depth and the
resolution (Socco and Strobia, 20p4

The number of layers has to be limited according to both the amount of information
presented in the data and avoiding eparametrization or undgrarametrization of the model,
which could lead tmonreliable results and to inversion artefacts. In view of this, the resolution in
the different parts of the model can be estimaléehke, 1989 with the model resolution matrix,
or with the singular value decomposition (SVD) method. The SW@h¢zos,1961) enables
assessment of the information associated with a model parameter. each eigenvector gives a
combination of model parameters, and is associated with a singular value, indicating the
corresponding amount of information. The singular value decsitipo stresses the problem of
the equivalence of different final model s, st
value is associated with an eigenvector that averages several layers, they may be substituted by a
single average layer. &Aomplicated stratigraphy can then be simplified with an equivalent
averaging stratigraphy, which is more significant with respect to resolution and data information
content.

3.4.3. Investigation depth

Rayleigh waves are surface waves that propagate wase surface, affecting a limited depth
depending on the wavelength. This dépthvelength relationship is not linear in vertically
heterogeneous medi a. There is no radiation t
cylindrical in laterally homgenous media. The propagation velocity depends mainly on the shear
wave velocity Vs: in a homogeneous hsiiface the Rayleigivave velocity \R is slightly lower

than Vs (0.87Vs<¥< 0. 96 Vs ), dependiFggfranRiclrweta.$990n 6 s r at i





























































































