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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 moderate seismicity as in Israel, the site response 

should be determined by analytical tools. These computations require the knowledge of the 

subsurface geological structure in terms of shear-wave velocity (Vs) profile down to seismic 

bedrock. Conventionally, this problem is resolved by joint implementation of Horizontal-to-

Vertical Spectral Ratios (HVSR or Nakamuraôs) technique, which is based on ambient noise 

measurements and seismic methods such as S-wave refraction or Multichannel Analysis of Surface 

Waves (MASW) method. The first one is significantly limited in resolution because of weak source 

of S-waves. The MASW method normally using 4.5Hz geophones is restricted in penetration depth 

of surface waves because of frequency (wavelength) limitations. In this study, we have applied 

2.5Hz geophones and special data processing to provide constructing Vs section down to bedrock 

located at 100 m deep. Suggested methodology has been tested last year at a number of sites on the 

Dead Sea shore, where subsurface model is represented by two compact salt layers serving seismic 

reflectors lying within the loose sediments. The depth of the upper salt layer is in the range 20-70 

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 conditions where soft 

sediments overlay a hard layer, which is, in turn, underlain by another firmer one. The lower one 

is the fundamental reflector. In addition to two sites checked in the first stage of the Project: the 

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

we have investigated Haifa-Chemicals site (Krayot, Haifa) and Alon Tavor gas station (North) . 

Both are characterized by the strong technical noise within the frequency range of resonance. At 

both sites S-wave refraction surveys were previously conducted, however the results were not 

satisfactory. In these cases as well as previous sites, modified methodology of MASW significantly 

improved the resolution, provided information on upper part of the section (in the frequency range 

contaminated by machinery noise) and being combined with HVSR allowed constructing Vs 

sections down to a depth of fundamental reflector. 

 

Key words: Seismic Hazard, shear-wave velocity structure, active 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 basement, requires 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.  

Techniques 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 

(Bonnefoy-Claudet, 2006): 

1. A numerical simulation approach coupled with classical 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 S-wave velocity of 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 on utilization 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 

experimental estimates (Zaslavsky, et al. 2005, 2008, and 2009). 

The second technique (Jarpe, et al., 1988; Satoh, et al., 1995;) provides an unbiased 

experimental estimation of the site transfer amplification factor, its use in regions with relatively 

low seismic activity 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 decades (Kagami, et al., 1982; Yamanaka, et al., 1994). It offers a convenient 

technique, especially through urbanized areas.  

In the last decade, the Geophysical Institute of Israel (GII) used H/V spectral ratios from ambient 

noise (HVSR) supplemented with on-site geophysical, borehole and geological information to 

derive the required models of the subsurface. Part of the information (Vs profile) is usually obtained 

from S-wave seismic refraction surveys (Palmer, 1986). However, use of the latter is often 

hampered by problems in generating S-waves because of weak source and the difficulties in 

performing a geophysical 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 waves (Park, et al., 1999). 

Since a surface wave is frequency dependent; i.e., dispersive, the Vs structure can be obtained by 

inversion of surface-waves dispersion curves (Xia, et al., 1999). Depending how the surface waves 

are generated active and passive MASW techniques can be applied (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 active MASW using a 

sledgehammer and other active seismic sources (sledgehammer, dropping weight) to excite surface 

waves (Park, et al., 2005).  

The MASW method was largely developed taking into account requests of the National 

Earthquake Hazard Reduction Programôs (NEHRP) recommending site classification averaging 

shear-wave velocity (Vs) over 30m (BSSC, 1994). Therefore, the acquiring data for the MASW 
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conventionally used 4.5Hz geophones, where the penetration depth of surface waves is restricted 

(usually, to the uppermost 30m) because of frequency (wavelength) limitations (Park, 2006).  

Boor et al. (1997) noted that the use of average shear-wave 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 depths. It is therefore necessary to develop a deeper estimation 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 ambient noise (HVSR method) 

with the modified MASW technique to obtain reliable shear-wave velocity structure of the 

subsurface. A combination of these methods allows deriving quantitative information on S-wave 

velocity sections for the study site and enables investigating 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 shear-wave velocity (Vs) profile;  

- Evaluating 1-D subsurface model down to a seismic reflector via fitting an analytical transfer 

function to an observed HVSR considering Vs-depth profile from MASW; 

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

Similar combination of techniques is reported for the first time in seismological literature by 

Scherbaum et al (2003). This combination allows deriving quantitative information on S-wave 

velocity sections for the study site and enables investigating 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 

shear-wave velocity (Vs) profile;  

- Evaluating 1-D subsurface models via fitting an analytical transfer function, using SHAKE code 

to an observed HVSR and taking into account Vs-depth profile from MASW measurements and 

available geotechnical and geological data as constraints; 

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

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

2.1. METHODS OF VS MEASUREMENTS ï BRIEF REVIEW.  

Shear-wave velocity measurements are an important part in designing buildings in site 

specific conditions such as soil liquefaction, ground-spectral earthquake response etc. Being mostly 

independent on soil saturation, shear-wave velocities are more indicative of soil properties and can 

be used as a diagnostic tool for engineering properties. Seismically, shear-wave velocity (Vs) is 

the best indicator of shear modulus that is directly linked to a materialôs stiffness which is one of 

the most critical engineering parameters. There are several methods of Vs measurements in 

laboratory conditions and in in-situ conditions. Each method has its advantages and disadvantages.   

Laboratory methods include (1) the resonant column test; (2) the cyclic torsion tests, and (3) the 

Bender element tests (ASTM D3999, 1991(1996); Schneider, et al., 1999; Stokoe and Santamarina, 

2000; Terzaghy, et al., 1996). These 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 shear-wave 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 increase (Vucetic and Dobry, 1991). 

Recently, similar tests were carried out for in-situ conditions (Stokoe II, et al., 2000). Deformations 

used in calculations are derived for a typical earthquake. However, Vs values measured for soil 

samples are strongly different from in-situ velocities. The laboratory testing is relatively expensive. 

In-situ geotechnical methods. Recently, S-wave velocities are being calculated from correlations 

between Standard Penetration Tests (SPT) parameter and Vs velocities (DeJong, 2007). The SPT 

is carried out in accordance with ASTM D1586 (2008). Interpreting data is based on Terzaghi et 

al. (1996) and DIN 4094-2 (1980). SPT testing is carried out in Israel using standard equipment of 

63kg weight falling from the height of 76cm. The number blows required to insert the SPT device 

30.5cm (12 inches) is determined. This value is reported as the raw (uncorrected) Standard 

Penetration Test (SPT) blow-count NSPT . The correlation between N and Vs is explained by 

dependence of SPT blow-count NSPT  on relative density of soils (Carter, 1983; Iyisan R., 1996; 

Terzaghi, et al., 1996). Comprehensive review of NSPT-Vs correlations has been carried out by 

DeJong (2007). The following example shows correlations between NSPT  and Vs for Dead Sea 

lime carbonate (Fig. 1a).  

 
Figure 1. Shear wave velocity (Vs) based on Standard Penetration Test N blows. (a) Vs versus N 

relationship for the Dead Sea lime carbonate. Relationships of other researchers presented from  DeJong 

review (2007) obtained in similar soils and are presented for comparison (referenced by Sykora 1987); (b) 

Vs versus depth graphs calculated for fine and medium sands from SPT log using Ohta-Goto estimator 

(Ashkelon area). Graphs 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 sandy-gravel sediments (Ezersky and Livne, 2013). One can see from Fig. 1a 

that relationships derived by different researches for similar lithology are close to the Dead Sea 

Lime carbonate, whereas sandy-gravel sediments show essential scatter. Ohta and Goto (1978) 

suggested a method to calculate Vs based on properties of soils. It was utilized as a Vs estimator 
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calculating Vs versus NSPT  blows and taking into account soil type, geological epoch of soil and a 

combination of other factors (Software for estimation, 1999). Example of Vs distribution calculated 

for fine and medium sands from SPT log using Ohta-Goto estimator are shown in Fig. 1b. One can 

see that Vs calculated from NSPT is strongly dependent on the lithology, whereas the MASW 

methods nicely approximates both calculated graphs; 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 Drnevich (1972) model allows calculation of Vs as function of void 

ratio (e), confining pressure (kPa), specific gravity and soil conditions (dry or saturated).   

 In situ geophysical methods include borehole and surface measurements. The most accurate 

among them is the cross-hole method (ASTM D4428/D4428M, 2007). This method requires at 3 

or at least 2 highly parallel boreholes (accuracy of measurement of distance between 2 boreholes 

can be computed to within %2°  to a depth of about 30m. [4.2.1]. The inclinometer is also required 

to perform accurate measurement of distances between borehole source and geophone position.  

Another method is the downhole one (ASTM D7400, 2007) allowing Vs measurement of a 

single borehole. The borehole is encased by a PVC pipe or filled with bentonite to stabilize the 

borehole walls. In the 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 refraction SH-measurements (Palmer, 1986) 

and Surface Wave prospecting (SWP) methods (Park, et al., 1999; Socco and Strobia, 2004). If 

refraction method is based on direct measurements, SWP method is based on the nature of Rayleigh 

waves whose phase velocity depends on Vs and its distribution with depth. Latter waves are of 

dispersive origin that testifies possibility to penetrate to different depths. Although methods like 

shear-wave refraction, downhole, and cross-hole surveys can be used, they are generally less 

economical 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  

The ranges of seismic velocities in the soils and rocks of Israel is presented in Fig. 2a and 

b, respectively, in graphical form. Analysis of Figs. 2a and 2b allows us to conclude that ranges of 

both Vp and Vs seismic velocities in soils and rocks generally conform to those measured by other 

researchers in shallow subsurface (Jakosky 1957). However, Vp values in rocks reported in 

literature are higher (for instance, Vp = 5800 m/s in granite, Vp = 6100 m/s in limestone) than 

those measured in Israel. The higher Vp values could be explained by the high stress and better 

rock quality in deep measurement conditions. Shear-wave velocities measured throughout Israel 

vary by a wide range: from 100 m/s in sands and lime carbonates to more than 600 m/s in gravels, 

and from 400 m/s in conglomerates to more than 2400 m/s in basalts and dolomites. Variability of 

Vs and thickness of soft sediments overlying hard rock on the one side, and very limited availability 

of densely distributed geotechnical information such as Vs at depth call for less expensive and less 

time consuming methods to provide the required parameters for site effect assessment. Data 

presented in Figs. 2a and 2b allow consideration of approximate range of Israeli sediments and 

rocks for preliminary evaluation of possible site response and modeling. Separately, we consider 

velocities in the salt constituting firm layers along the Dead Sea coastal area. 
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Figure 2. Range of Vp and Vs in soils (a) and rocks (b) measured in Israel in-situ and in laboratory (in 

brackets) conditions. 

3. METHODS 

3.1. HVSR METHOD 

3.1.1. General 

Nakamura (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 the ambient noise related 

studies; and it has been successful in seismology to estimate the local transfer function in the site 

response problem in Israel and worldwide (Lermo and Chávez-García, 1994; Mucciarelli and 

Gallipoli, 2004; Seekins et al., 1996; Zaslavsky et al., 2005a, 2005b, 2008, 2009). The Nakamura's 

method is based on the assumption that microtremors consist of body waves. Enomoto et al. (2000) 

and Mucciarelli and Gallipoli (2004) claim that the H/V spectrum of ambient noise is dominated 

by the upward propagation 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 e. g. Fäh et al., 2001; Lachet and Bard, 1994). Both models 

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 motions.  

It was demonstrated through many studies (Zaslavsky et al., 2005, 2008, 2009), when noise 

measurements are made near boreholes and/or near refraction surveys, the fundamental frequency 

and its corresponding H/V amplitude are practically the same as the fundamental frequency and 

amplification derived from the computed transfer function of SH-waves at low strains propagating 

through a relatively simple 1-D model of the site, known from geotechnical and geophysical 

surveying. Computer code SHAKE (Schnabel et 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;  

- S-wave and density of the hard rock (reflector). 
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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, 1995) consisting of a multi-channel amplifier, Global Positioning System 

(GPS) for timing and a laptop computer with 16-bit analogue-to-digital conversion card to digitize 

and store the data. (Fig. 3).  

 

Figure 3. Photographs of noise measurements: (a) 3-component 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 sample rate is of 100 samples 

per second and filter band-pass 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 mode (Fig. 3b). Examples of 3-component noise records are shown 

in Fig. 3c. Presented pattern of measurements is typical and repeated from site to site.  

3.1.3. Data processing 

Data processing is explained in Fig. 4. For each site, the average H/V spectral ratios and 

their corresponding standard deviations are determined by applying the following process: (1) time 

windows, each of 30-60 seconds long depending on fundamental frequency, are selected. (2) A 

Fourier transform is applied on the time windows, using cosine-tapering (1 second at each end) 

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 processing is carried out using "SEISPECT" software developed in the Geophysical 

Institute of Israel (Perelman and Zaslavsky, 2001). SEISPECT is a MATLAB application for 

spectral analysis and processing of ground motion including seismograms recorded by short-period 

and broad-band 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 ratios; saving 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 defined as: 
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where SNS(f) i and SEW(f) i are individual spectra of the horizontal components and SV(f) i is 

individual spectrum of the vertical component. 

 

 

Figure 4.  (a) Example of individual (1) and average (2) spectral ratios obtained on the Dead Sea shore; (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 

Surface-wave 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 velocities are mainly determined by the 

mediumôs shear-wave velocity.  

The development of multichannel equipment has led to exploiting the methodology known 

as Multichannel Analysis of Surface Waves (MASW) (Park, et al., 1999; Xia, et al., 1999). The 

MASW method is basically 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 a 2-200m distance.  

Surface wave method comprises of following main procedures: (1) generating dispersion 

image from surface wave records; (2) extracting dispersion curve of the MASW method; and (3) 

its inversion with calculating shear wave velocity (Vs) vertical profile.  Thus, dispersion curve is 

an INPUT of the MASW method, whereas shear wave velocity (Vs) vertical profile is its OUTPUT.   

The study of earth parameters affecting the dispersion curve shape (such as Vs, Vp, density, 

Poissonôs Ratio etc.), as well as inversion procedure to generate Vs profile are most important 

aspects of the data processing (Park et al., 1999; Xia et al., 1999).     
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In this study all calculations 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 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 waves generated passively by cultural (e.g., 

traffic) or natural (e.g., thunder and tidal motion) activities (Park, et al., 2007).  

Active MASW. Active-source surface-wave dispersion measurements are made with typical 

seismic shot gatherers that are a collection of seismic traces, which share some common geometric 

features. The wave field is transformed into a frequency-wave number (or frequency-slowness) 

domain in which the maxima should correspond to surface-wave signatures (Fig. 5a). Several 

modes can be picked out for 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 roll-along mode, each 1D profile is represented at its corresponding midpoint spread, 

allowing a pseudo-2D Vs section to be drawn. The inverse problem formulation imposes that the 

investigated medium is assumed as one-dimensional under the spread. Long spreads are required 

to record wavelengths large enough for increasing the investigation depth and for mitigating near-

field effects (Bodet, et al., 2005; Socco, et al., 2009). 

 

 

 
Figure 5. Examples of dispersion images (DI) and extracted curves from the Ein Boqeq site (Dead Sea). 

(a) Active MASW; (b) passive MASW; (c) Combined (active + passive) image. 

Passive MASW. The passive surface waves generated from natural (e.g., tidal motion) or 

cultural (e.g., traffic) sources are usually of a low-frequency nature with wavelengths ranging from 

a few kilometers (natural sources) to a few tens (or hundreds) of meters (cultural) (Okada, 2003), 

providing a wide range of penetration depths and therefore a strong motivation to utilize them. The 

ambient noises are recorded using receiver arrays (antennae) arranged as different geometrical 

figures (linear, circular, cross layout, etc. arrays). The dispersion image and extracted dispersion 

curve are extracted (Fig. 5b). The most accurate estimation is obtained through a survey using a 

true 2D receiver array (Park and Miller, 2006). However, because the true 2D receiver array, such 

as a circular and cross-layout ones are not a practical or possible mode of survey in built-up urban 

areas, a method that can be implemented with the conventional 1D linear receiver array can be 

effective in this case (Louie, 2001). The data processing scheme can be found in Park, et al. (2004). 

Combination of active and passive MASW measurements. Dispersion images processed 

from active and passive data sets should be combined to obtain improved dispersion curves (Fig. 

5c). The active MASW method generates signals in the range of 5-30Hz, whereas a 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 frequencies from 2.5-30Hz, 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 frequencies) (Park, et al., 2004).   

3.2.2. Data acquisition 

3.2.2.1. Practical aspects of data acquisition  

Although methods like shear-wave refraction, downhole, and cross-hole surveys are 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 of the surface wave method in comparison with 

the S-refraction survey is quality of the field records. It is clearly seen from comparison of two 

acquisition methods in Fig. 6.  
 

 
Figure 6. Comparison of seismic methods for S-wave acquisition. (a) Excitation of S-waves in the seismic 

refraction technique using horizontal stroke on metallic beam by a 30 kg hammer; (b) excitation of surface 

wave of R (Rayleigh) type using vertical stroke by 200 kg hammer forced by slingshot; (c) raw data obtained 

at such stroke complicated by strong noise; and (d) field records of surface waves. 

Surveys were carried out along the same length line by different hammers. The data 

acquisition of S-waves with the refraction method is carried out using a horizontal stroke of the 

30kg sledge hammer (Fig. 6a) allowing a most clear excitation of SH waves at the background of 

other waves.  

However, because of weak source, S-wave records are complicated by ambient noise (Fig. 6b) 

allowing penetration of S-wave as a rule to 25-30m. On the other hand, surface waves, because of 

strong vertical stroke by 200kg-hammer (in our case, forced by slingshot) (Fig. 6c) are 

characterized by the strongest energy, and their propagation velocities are mainly determined by 

the mediumôs shear-wave velocity. Quality of the field records is significantly higher (Fig. 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 MASW. Conventional seismic data (i.e., the vertical component of the wave field 

from common shot records obtained in shallow refraction surveys) were used. To increase 

penetration depth of surface waves we used vertical low frequency 2.5Hz geophones (Fig. 7a) 

implemented to seismic profile (Fig. 7b). Receiver spacing was varied with respect to necessary 

penetration depth from 2.5-10m; shot location was 5-10m away from nearest trace (off-end 

shooting). Data excitation was carried out using power Digipulse hydraulic source mounted on a 

Chevrolet pickup truck (Fig. 6). Both geophone frequency and power source facilitate recording 

raw data of high quality and more penetration depth. 

 

Figure 7. Modified MASW data acquisition. (a) 1 - 2.5Hz geophone and 2 - 10Hz geophone (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 line). The wave exciting is shown in Fig. 6c and field records are 

presented in Fig. 6d. 

A Summit II plus seismic recorder was used with a 24-48 geophone spread (vertical 2.5Hz 

geophones).The number of geophones as well as line length were selected in accordance with the 

depth of target.  

At first, P-wave seismic refraction study was carried out along study line using 2.5Hz vertical 

geophones. Record length for P-wave refraction was as 500 ms. Then record length was increased 

to 2000 ms and surface waves were recorded.   

Passive MASW. Passive MASW measurements were carried out using linear system located 

along the roads (roadside schema) with 2.5Hz geophone separation of 5m. Other arrays used in 

Israel were circular arrays with 5-10m separation between geophones (Ezersky, Gorstein et al., 

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

3.2.3. Data processing  

Data processing is applied to (a) P-wave 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 data are used for generating an initial 

model for surface wave inversion. 

(b) Surface wave data are used for: (1) generation of dispersion image; (2) extracting dispersion 

curve, that is an INPUT of the MASW method; and (3) its inversion with calculation of 

shear wave velocity (Vs) vertical profile (OUTPUT 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 

measurements (different frequency, separation of geophones etc.).   

An inversion of the dispersion data is carried out using linearized inversion with a gradient-based 

iterative method (Park, et al., 1999, Xia, et al., 1999) implemented to commercially available 

SurfSeis v.3 software (Park, 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. Usually, in linearized inversion 

methods, constraints are applied to the solution in order to reduce the degree of non-uniqueness. 

Constraints are obtained from available independent geological and geophysical information, such 

as longitudinal (compression) wave velocity (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 shown in Fig. 8a. From this section one 

can see that bedrock 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 range of 5-25m.  

These data are intended to confine the result of inversion by possible parameters. The dispersion 

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 (Socco and Strobia, 2004).  

The most important part of the MASW data processing is constructing an initial layered 

model for inversion. Inversion is carried out at constant Vp values (in our case Vp = 3100 m/s), 

whereas Poissonôs Ratio varies (Ezersky et al., 2013a). Such inversion procedure allows stabilizing 

of the inversion results. Result of inversion of the combined dispersion curve presented in Fig. 5 is 

shown in Fig. 8b as Vs ï depth section.  Note that number of layers should be not so large (usually, 

5-7 layers) to avoid equivalency problem (Cerato et al., 2009; Renalier et al.2010).   

 

  

Figure 8. MASW data processing of the dispersion image presented in Fig. 5c (example from Ein Boqeq 

site, Dead Sea). (a) Seismic refraction velocity Vp depth section used as constraint for inversion; (b) MASW 

Vs depth section inverted from dispersion curve (Ezersky, Gorstein et al., 2013). 
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Generally bounds of wave velocities are presented in Fig. 2. Some parameters can be selected using 

well-known rules of thumb (Xia, et al. 2003): (a) Vp versus Vs ratio can be considered bounded 

for near surface materials, assuming Poisson's ratio, with values ranging from 0.20-0.48; (b) The 

Rayleigh-wave velocity in a uniform half-space is very close to the Vs of the layer.  As a reference 

model for inversion, Vs can be approximated by the phase velocity multiplied by a correction factor 

(less than unity for fundamental-mode 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 S-wave velocities 

and thickness of shallow sediments (down to 50-100m) within the accuracy and resolution of the 

geophysical technique. Seismic MASW profiles are normally designed 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 detailed information 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 S-wave velocity profile. The iterative procedure based on the stochastic optimization 

algorithm (Storn and Price, 1995) is applied in order to fit an analytical transfer function (4 in Fig. 

4b), estimated using SHAKE code (Schnabel et al., 1972) to an observed H/V spectral ratio (3 in 

Fig. 4b), focusing mainly on the resonance frequencies (arrows in Fig. 4b) and considering the 

shape H/V curve.  Thus, combining the borehole and geophysical information with the observed 

spectral ratios 1-D the depth ï Vs velocity profile is derived. 

3.4. RESOLUTION OF MASW METHOD.   

3.4.1. Resolution of MASW method; general setting  

There are considered two modes of the MASW resolution: vertical (Rix and Leipski, 

1991; Park et al., 1999) and horizontal ones (Park, 2005; OôNeill et al., 2008). Vertical resolution 

method determines the accuracy of the method for detecting thin layers at different depths of the 

velocity section. Horizontal one considers possibility of the method to detect lateral 

heterogeneities at different depths. Generally, vertical resolution decreases with 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 wave field is transformed to the frequency-wavenumber (or 

frequency-slowness) 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 inverted for a 1D Vs profile with depth. When data are 

collected in a roll-along mode, each 1D profile is represented at its corresponding spread midpoint 

allowing a pseudo-2D Vs section to be drawn.  

One well known limitation of the method is its trade-off between lateral resolution and 

investigation depth (Gabriels et al. 1987). On one hand, the inverse problem formulation imposes 

the investigated medium to be assumed 1D under the spread. Additionally, the spread itself has to 

be short enough to achieve lateral resolution if profiling is performed: the size of heterogeneity 
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detected cannot be less than length of seismic line (Park et al., 2005). On the other hand, long 

spreads are required to record wavelengths great enough to increase investigation depth and to 

mitigate near-field effects (OôNeill 2003; Bodet et al. 2005, 2009). However, several 

countermeasures exist to overcome such drawbacks, particularly when the seismic setup provides 

redundant data. Specific processing techniques (offset moving windows and dispersion stacking) 

can be successfully used to narrow the lateral extent of dispersion measurements (Bohlen et al. 

2004; Hayashi and Suzuki 2004; Grandjean and Bitri 2006; Neducza 2007). When applied, it is 

possible to extract more local information about the investigated medium along the line and thus 

to retrieve its lateral variations (Socco et al. 2009; Boiero and Socco 2010; Strobbia et al. 2011). 

Bodet (in Ezersky et al., 2013a) describes similar research carried out in the Ghor Al-Haditha 

(Jordan), where anticipated 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 trade-off.   

3.4.2. Number of 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 the investigated 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 chosen in accordance with the loss of resolution with depth (e.g., layer thickness should be 

increased with depth).  In both cases, the parametrization, i.e. the number of layers and the 

maximum depth, has to be carefully designed for evaluating the investigation depth and the 

resolution (Socco and Strobia, 2004).  

The number of layers has to be limited according to both the amount of information 

presented in the data and avoiding over-parametrization or under-parametrization of the model, 

which could lead to non-reliable results and to inversion artefacts. In view of this, the resolution in 

the different parts of the model can be estimated (Menke, 1989) with the model resolution matrix, 

or with the singular value decomposition (SVD) method. The SVD (Lanczos, 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 decomposition stresses the problem of 

the equivalence of different final models, stating a kind of ósuppression principleô: if the singular 

value is associated with an eigenvector that averages several layers, they may be substituted by a 

single average layer. A complicated 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 close to the surface, affecting a limited depth 

depending on the wavelength. This depthïwavelength relationship is not linear in vertically 

heterogeneous media. There is no radiation towards the earthôs interior and wave fronts are 

cylindrical in laterally homogenous media. The propagation velocity depends mainly on the shear-

wave velocity Vs: in a homogeneous half-space the Rayleigh-wave velocity VR is slightly lower 

than Vs (0.87Vs<VR<0.96Vs), depending on Poissonôs ratio (Fig. 9 from Richart et al.1970). 






























































