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ABSTRACT 
 

Surveys with multichannel analysis of surface waves (MASW) were carried out in the Skopje urban area to 

obtain spatial and depth variation of shear-wave velocity (Vs). Particular attention was paid to field acquisition 

parameters, such as the offset of the seismic array, the receiver spacing and the length of the record, needed for 

the construction of better quality effective dispersion curves. The acquisition field parameters used during the 2D 

MASW surveys were varied one-by-one in order to determine their respective influence on the dispersion curve 

quality. In the analyses, the fundamental mode of Rayleigh waves, which usually contains most of the dispersion 

energy, was combined with the higher Rayleigh wave modes. The dispersion images, extracted dispersion curves 

and the 2D Vs models resulting from the performed surveys at 3 locations are presented in this paper. 

Conventional seismic refraction and reflection surveys were carried out to validate the interpretations. Data 

collected with shorter recording lengths (0.5 seconds) provided a good quality dispersion image. Longer 

recording lengths contributed to higher noise in the signals. As well, the dispersion images of shorter minimum 

offset seismic arrays (5m) were generally of better quality. In cases where longer offset was applied, dispersion 

images were improved by increasing the number of stacking shots. The importance of the optimum acquisition 

parameters of MASW site characterization surveys, analyses and findings from the performed investigations are 

briefly discussed in this paper.   
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1. INTRODUCTION  

 

The Multichannel Analysis of Surface Waves (MASW) method has been one of the most popular 

seismic methods for site characterization in the last decades (Park et al. 1999a; Xia et al. 1999). The 

MASW procedure consists of the following steps: (1) Array design and field acquisition of Rayleigh 

waves; (2) Dispersion analysis - dispersion curve extraction; (3) Inversion of the extracted dispersion 

curves and estimation of the Vs shear velocity model. The first step is particularly important for the 

further process of dispersion curve extraction and improving of the dispersion curve and Vs model 

resolution.  

Numerous surveys addressing the determination of optimal parameters for field acquisition have been 

reported in the literature (Park et al. 2001, Park et al. 2002, Zhang et al. 2004). The dispersive image 

(phase velocity vs. frequency), as a result of the raw data processing, maps the fundamental mode 

together with the higher dispersion modes of the Rayleigh waves (Park et al. 1998). Most studies 
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focused on extraction of the fundamental mode only considered as the most reliable for estimation of 

the Vs shear wave velocity model. In most cases, however, this can be a difficult task due to the 

superposition with higher modes (Xia et al. 2000). The occurrence of higher modes is generally 

associated with the presence of “trapped” low velocity zones. This fact shows the importance for 

including higher modes of the Rayleigh waves together with the fundamental mode to estimate the 

effective dispersion curve achieving a reliable Vs model (Tokimatsu et al. 1992, Park et al. 1999b, 

Song et al. 2007).  

The objective of this study is to define the optimal MASW field acquisition parameters on the basis of 

the surveys carried out at three different specific sites in the Skopje urban area, Republic of 

Macedonia. The locations and the exact coordinates of the study sites are shown in Fig. 1 and Table 1. 

The field tests were conducted with varying acquisition parameters to determine the influence of the 

array configuration and recording length on the dispersion images quality. 

 

 
Figure 1. Study area with locations of the surveyed sites in the central part of the Skopje urban area 
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Table 1. Coordinates of the studied locations 

 

Location Coordinates (UTM  WGS 84) 

Skopje-1 7 534 936.00  E  4 648  713.00  N 

Skopje-2 7 536 173.00  E 4 649  791.00 N 

Skopje-3 7 535 431.00  E 4 648  815.00 N 

 

  

2. SEISMOTECTONICS AND GEOLOGY 

 

The investigated sites are part of the Skopje depression, which was formed during the Cenozoic 

tectonic evolution. This evolution consisted of two periods of extension, the earlier in the Paleogene 

period and the later in Neogene. The last period of extensional deformation, which is still ongoing, 

began in early to middle Miocene. It is marked by deposition of the middle Miocene strata in the 

deepest basins.  

The current formation of the Skopje depression is associated with differential vertical tectonic 

movements along the older reactivated and the newly formed normal faults. The Skopje depression is 

bounded by a network of normal faults that strike NW-SE and NE-SW to E-W. They produced the 

first uplifted horsts and subsiding grabens that became sites of freshwater lakes.  

The sediments in the Skopje depression were developed during deposition in these lakes 

(Dumurdzanov et al. 2004). The depression is filled with Neogene lacustrine sediments and alluvial 

deposits on the surface with a maximum thickness of over 2500 m. Their base is represented by old 

Paleozoic crystalline shales, quartzite and marble. The transgressive basal conglomerate, gravel and 

sandstone contain clasts from the underlying rock units. The Miocene formations contain intermittent 

strata of gravel conglomerates, sandstone and siltstone, marl, marly claystone, and upper sandstone 

and siltstone. The younger Pliocene formation consists of cemented coarse-grained deposits, mainly 

gravel, gravelly sandstone, and sandstone. On the top of the sedimentary sequence are found the most 

recent Quaternary sediments, mainly alluvial deposits of gravel, sand and clay.  

 

 

3. INVESTIGATION METHOD 

 

The conducted MASW surveys enabled distinguishing of media characterized by different velocity of 

propagation of seismic waves and definition of the seismic bedrock depth. They were performed in a 

”roll-along” mode (source-receivers configuration displacements for an interval), at each investigated 

location. The applied method consisted of the following steps: 

¶ Design of “in situ” measurements  (preliminary definition of the seismic array geometry, 

recording length, sampling frequency); 

¶ Field acquisition of data; 

¶ Processing of recorded data and interpretation. 

The surveys were performed using a SoilSpy Rosina 17 channel digital seismograph (MoHo - Science 

& Technology, Italy). The seismic energy was generated with vertical impacts with a 10 kg sledge 

hammer on an aluminum plate and recorded with 4.5 Hz vertical geophones, with a sampling 

frequency of 1024 and 2048 Hz. Certain site specific details on the “in situ” measurements are as 

follows: 

¶ Location Skopje-1: spacing between geophones: 2 and 3m, excitation step: 2 and 3m 

respectively, minimum off-set (minimal source to receiver distance): 5 and 15 m respectively, 

and duration of seismic record: 0.3 and 1.5s respectfully. 

¶ Location Skopje-2: spacing between geophones: 2m, excitation step : 2m, off-set: 10m, and 

duration of seismic record: 0.5 and 2s. 

¶ Location Skopje-3: spacing between geophones: 2m, excitation step: 2m, off-set: 10m, and 

duration of seismic record: 0.5 and 2s. 

Pre-processing was performed using the SoilSpy Rosina software, MoHo - Science & Technology, 
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Italy. The consecutive analyses and interpretation were carried out applying the SurfSeis 3.06 software 

of the Kansas Geological Survey (KGS). The dispersion images were generated using the “wavefield 

transformation” method (Park et al. 1998).  The fundamental mode of the surface waves combined 

with the higher modes constitute the predominant part of the generated dispersion image. The next 

step consisted of extraction of the effective dispersion curve. The dispersion curves were extracted for 

each source-receivers configuration displacement. The inversion was performed for each of the 

dispersion curves extracted for the applied source–receivers configurations with the iterative process 

proposed by Xia et al. (1999). The final results were 2DVs profiles along the survey transects. They 

show the spatial variation of the Vs values in the vertical (depth) and lateral (distance) directions. 

 

 

4. RESULTS 

 

4.1 Location Skopje-1 

 

The dispersion images and the extracted dispersion curves for the first 2 source-receivers 

configuration displacements, for the seismic surveys conducted at Skopje-1 location, are shown in Fig. 

2. The total number of source-receivers configuration displacements was 11 for the 1
st 

seismic array 

design and 19 for the 2
nd

 seismic array design. 

The dispersion images shown in Figs. 2a, b, c and d, clearly show the mapped fundamental and the 

higher modes dispersion curves. The better quality of the dispersion curves which can be observed in 

Figs.2c and d is certainly due to the higher signal to noise ratio. The dispersion images mapped the 

fundamental mode in the lower frequency range and higher modes at higher frequencies. The effective 

dispersion curves for each seismic array displacement were constructed as a combination of the 

fundamental and higher modes.  

 

a) 1st
 source-receiver configuration displacement  

 

 

 b) 2nd source-receiver configuration displacement  
 

 
 c)  1st source-receiver configuration displacement 

 

 

 d) 2nd source-receiver configuration displacement 

 

 

 

Figure 2. Location Skopje-1: Dispersion images with extracted effective dispersion curves (white dots). 

a) and b) 1
st
 seismic array design: distance between geophones of 3m, near off-set of 15m and recording length 

duration of 1.5s, with a sampling frequency of 1024 Hz; c) and d) 2
nd

 seismic array design: distance between 

geophones of 2m, minimum off-set of 5m and recording length duration of 0.3s, with a sampling frequency of 

2048 Hz. 
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The generated 2D Vs model for Skopje-1 location is shown in Fig. 3. It was estimated using the 

dispersion curves generated from data collected in the surveys with the 2
nd

 seismic array design 

(Figs.2c and d). Combining the results of the preliminary seismic refraction surveys with the 

geological knowledge for the location it was concluded that the vertical stratigraphy consists of the 

following major layers (from top): 

¶ Layer 1 - fill (embankment) and sandy silt with some gravel; seismic velocities: Vp=350-750 

m/s and Vs=130-300 m/s; 

¶ Layer 2 - gravel, seismic velocities: Vp=800-1250 m/s and Vs=310-470 m/s; 

¶ Layer 3 - gravel, seismic velocities: Vp=1350-1700 m/s and Vs=500-630 m/s; 

¶ Layer 4 – marl, seismic velocities: Vp=1800-2200 m/s and Vs=680-830 m/s; 

¶ Layer 5 - marl, seismic velocities: Vp >2200 m/s and Vs>830 m/s. 

 

 
 

Figure 3. Location Skopje-1: 2D Vs model – Multichannel Analysis of Surface Waves (MASW) 

 

The 2D Vp and Vs model as a result from the seismic refraction tomography surveys performed at the 

investigated location is shown in Fig. 4. 

 

 
 

Figure 4. Location Skopje-1: 2D Vs  and Vp model – Seismic Refraction Tomography. The surveys were 

conducted along seismic spread with receiver distance of 5m, minimum offset of 5m and recording length of 0.5s 

 

4.2 Location Skopje-2 

 

The dispersion images and the extracted dispersion curves for the first 2 source-receivers 

configuration displacements at the Skopje-2 location surveys are shown in Fig. 5. The seismic 2D 

MASW surveys were performed along the seismic array with geophone interval of 2m, minimum off-

set of 10m and recording length duration of 0.5 and 2s, with a sampling frequency of 2048 Hz. The 

total number of source-receiver configuration displacements was 19 in both cases. 

The dispersion images generated from data collected during a recording length of 0.5s, are 

characterized by a much better quality and higher signal to noise ratio than the images from the data 
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collected during a recording length of 2s. In this case, the higher modes contain a low percentage of 

the seismic energy. Hence, the analysis was mainly based on the fundamental mode. The estimation of 

the 2D Vs model shown in Fig. 6 is based on the effective dispersion curve extracted from the 

collected survey data during 0.5s recording length. 

The terrain of the investigated location according to the seismic refraction preliminary surveys is 

composed of the following media: 

¶ Layer1: fill(embankment), clay: Vp= 350 - 500 m/s; Vs=150-220 m/s;  

¶ Layer2: gravel with sand, marly clay, with seismic velocities: Vp=640 -1400 m/s; Vs=300 - 

550 m/s;  

¶ Layer3: marly clay, gravel, with seismic velocities in the interval: Vp=1400-2000 m/s; 

Vs=550 - 700 m/s;  

¶ Layer4: marl, with seismic velocities in the interval: Vp=2100 -2700 m/s; Vs=750 - 930 m/s; 

 

The 2D Vs model estimated from the MASW surveys was compatible with the results from the 

seismic refraction surveys (Fig. 7). 

 
a) 1

st
 source-receivers configuration displacement  

 

 

b) 2
nd

 source- receivers configuration displacement 

 

 
c) 1

st
 source-receiver configuration displacement 

 

 

d) 2
nd

 source-receiver configuration displacement 

 

 

 
Figure 5. Location Skopje-2: Dispersion images with  extracted effective dispersion curves (white dots). a) and 

b) 0.5s recording length of seismic energy, c) and d) 2s recording length of seismic energy 

 

 

 
 

Figure 6. Location Skopje-2: 2D Vs model – Multichannel Analysis of Surface Waves 
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Figure 7. Location Skopje-2: 2D Vs  and Vp model – Seismic Refraction method. The surveys were performed 

along a seismic spread with receiver spacing of 5m, minimum offset of 5m and recording length of 0.5s. 

 

4.3 Location Skopje-3 

 

Figure 8 shows the dispersion images and the extracted dispersion curves for the first three source-

receivers configuration displacements for the Skopje-3 location surveys. The seismic 2D MASW 

surveys were conducted in the same way as those at location Skopje-2. The seismic array was with 

distance between the geophones of 2m, minimum off-set of 10m and recording length duration of 0.5 

and 2s, with a sampling frequency of 2048 Hz. The total number of source-receiver configuration 

displacements was 24 in both cases. 

The dispersion images mapped the fundamental and the higher mode dispersion curves. The higher 

modes contain a low percentage of seismic energy. The estimation of the 2D Vs model shown in Fig. 9 

was based on the effective dispersion curve extracted from the survey data collected during 2s 

recording time. The dispersion image of this survey contains more information at the lower frequency 

range. The analysis was based on the fundamental mode. 

According to the results from the refraction surveys and the geological data, the terrain at the 

investigated location consists of the following units: 

¶ Layer1: fill material, sandy gravel : Vp= 270 - 640 m/s; Vs=130- 300 m/s; 

¶ Layer2: sandy gravel, silty sand, with seismic velocities: Vp=1120 -1590 m/s; Vs=400 - 550 

m/s; 

¶ Layer3: Mio-Pliocene sediments – clayey, silty, marly in very hard consistent state with  

seismic velocities in the interval: Vp=1750 -2000 m/s; Vs=630 - 800 m/s; 

¶ Layer4: Mio-Pliocene sediments – marl, with seismic velocities in the interval: Vp=2000 -

2300 m/s; Vs=800 - 930 m/s; 

 

Seismic reflection surveys were carried out in parallel to the MASW surveys to validate the 

interpretations. In Fig. 10 are shown the final 2D Vs MASW model and 2D seismic reflection section. 

The comparative analysis showed the compatibility of the MASW surveys final results (Fig. 9) with 

the seismic reflection survey results (Fig. 10). As can be observed, the geological boundaries of the 

encountered soil units were defined with satisfactory accuracy. In addition, both models indicated the 

same discontinuity (marked with red dashed lines). 
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a) 1

st
 source- receivers configuration displacement 

 

 

d) 1
st
source- receivers configuration displacement 

 

 

b) 2
nd

 source- receivers configuration displacement 

 

 

e) 2
nd 

source- receivers configuration displacement 

 

 
c) 

 
3

rd
   source- receivers configuration displacement 

 

 

f)
 
3

rd 
source- receivers configuration displacement 

 

 
 

Figure 8. Location Skopje-3: dispersion images with extracted eff. dispersion curves (white dots). a),b) and c): 

dispersion images,  2 s recording length; d), e) and f): dispersion images,  0.5 s recording time of the seismic 

energy. 

 

 
 

Figure 9. Location Skopje-3: 2D Vs map variation – Multichannel Analysis of Surface Waves (MASW) 
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Figure 10. Comparative analysis of the results obtained from 2D MASW investigations and seismic reflection 

investigations carried out at Location Skopje-3. Seismic reflection surveys were conducted in parallel to the 

MASW surveys, using the same seismic array and acquisition parameters, and recording length of 0.5s. 

 

 

5. CONCLUSIONS 

 

Surveys with multichannel analysis of surface waves (MASW) were carried out in the Skopje urban 

area to obtain spatial and depth variation of the shear-wave velocity (Vs). Particular attention was paid 

to field acquisition parameters, such as the offset of the seismic array, the receiver spacing and the 

length of the record, needed for the construction of better quality effective dispersion curves. They 

were varied one-by-one to determine their respective influence on the dispersion curve quality. Several 

important findings were revealed from the conducted surveys:  

¶ Data analysis with the 2
nd

 configuration of seismic array with 5m minimum offset and 0.3s 

recorded signal length (unconventional for this kind of surveys) a better quality dispersion image 

at location Skopje-1 provides. This can be explained by the higher number of stacking shots and 

relatively high signal-to-noise ratio;   

¶ Seismic arrays applied at location Skopje-2 differed in the recording length. The dispersion 

images generated from seismic data with shorter recording length of 0.5s were of considerably 

better quality at this location. Although it was expected that the recording length should not 

directly influence the quality of the dispersion image, it was inferred from this result that the 

dispersion images resulting from longer recording length contains more inappropriate information, 

i.e., noise;  

¶ Same conclusions as for location Skopje-2 are valid for the location Skopje-3 surveys. However, 

in this case the dispersion images of longer recording length contained more information at the 

lower frequency range;  

¶ Dispersion images from seismic arrays with a shorter offset were of better quality. The longer 

offset images could be improved by increasing the number of stacking shots; and   

¶ Dispersion images obtained from MASW survey at the location Skopje-1 generated from data 

collected using the 1
st
 seismic array design were also favorable in separating the fundamental 

mode.  

The main conclusion from above results is that there are no widely accepted configurations of the 

seismic arrays and data acquisition. For each investigated location, the site-specific values of the field 

acquisition parameters have to be developed and calibrated during the preliminary MASW 
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measurements. At each location, the effective dispersion curves were extracted from the dispersion 

images as a combination of the fundamental and higher modes of the Rayleigh waves. The dispersion 

curve which contains most of the energy in the dispersion image is usually considered as a 

fundamental mode. According to theory and practice this is usually a tedious task to discriminate 

between the fundamental and the higher modes. Hence, the maximum energy band in the dispersion 

image should not be interpreted as a true fundamental mode dispersion curve, it is rather an effective 

dispersion curve. The combination of the MASW surveys results with the geological knowledge of the 

surveyed locations and the additional seismic refraction and reflection surveys proved very useful for 

detailed site characterization in terms of 2D Vs profiles and local stratigraphy. Overall, the generated 

2D MASW Vs models clearly show the variation of the Vs value along a depth of 15-25m whether it 

is the case with a steady increase of Vs with depth or the case of low velocity layers trapped between 

higher velocity layers. 
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