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Abstract. The article presents the comparison analysis between 

deformation field from numerical model and shear wave (S-wave) velocity 

field obtained from seismic interferometry (SI). Tests were conducted on 

active Just-Tęgoborze landslide. Geologically, the study area lies in Magura 

Nappe in the Outer Carpathians. The landslide’s flysch bedrock is covered 

by Quaternary colluvium built of clays and weathered clayey-rock deposits. 

During geotechnical investigation, properties of landslide body were 

established and failure surfaces were distinguished. In order to obtain S-

wave velocity models, one-hour of ambient seismic noise was recorded by 

12 broadband seismometers. As a result of data processing with SI method, 

Rayleigh surface wave propagation was reconstructed. The analysis of 

dispersion curves allowed to estimate a two dimensional S-wave velocity 

field. The deformation field were calculated assuming an elastic-plastic 

Coulomb-Mohr strength criterion. Images of shear strain increment, and 

values of factor of safety of the slope were obtained as a result of calculation. 

The comparison of the results indicates the similar characteristic features in 

the S-wave velocity field and the field of deformation calculated 

numerically. 

Keywords: numerical modelling, S-wave velocity, seismic interferometry, 

landslide, slip surface 

1 Introduction  

Recognition and characterization of the slopes prone to mass movements are the main tasks 

in landslide hazard evaluation [1, 2]. Geophysical methods provide relatively fast recognition 

of the landlides’ subsurface and they are a great complement to standard geological and 

geotechnical investigations [3-7]. In the last decades, seismic interferometry as a passive 

seismic method, has been developed and successfully applied to landslide subsurface 

characterization and monitoring mass movements, with the analysis of shear wave (S-wave) 

velocity field [6, 8-13].  
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According to [14] clear understanding of the considered phenomena (e. g. landslide) 

during the seismic data interpretation is crucial to allow reliable data analysis. The slope 

stability analysis is often performed with use of numerical modelling and could be very 

helpful for better comprehension of landslide phenomena. Shear strength reduction method 

(SSR) is widely applied for numerical two-dimensional (2D) and three-dimensional (3D) 

stability analyses [15]. The advantages and disadvantages of SSR method over the limit 

equilibrium method were discussed in [16, 17].  

In the article, we present a comparison study of S-wave velocity field obtained from 

seismic interferometry and the results of slope stability analysis obtained from numerical 

calculations for Just-Tęgoborze landslide. We performed a field measurements of ambient 

seismic noise to obtain the S-wave velocity map of landslide subsurface. We also conducted 

the stability analysis with use of numerical modelling program to get the information about 

possible course of slip surfaces. The comparison of S-wave velocity field and the results of 

numerical analysis helps us in better interpretation of seismic boundaries.  

2 Geological conditions  

Just-Tęgoborze landslide is located in southern Poland, on the area of Świdnik and Tęgoborze 

in Nowy Sącz county (fig. 1). It extends from St. Just Pass between Jodłowiec Wielki 

Mountain and St. Just Mountain with height of 435 m a.s.l., down to the Rożnów Lake with 

height of 285 m a.s.l.  

 

Fig. 1. Location of the Just-Tęgoborze landslide [12]. 

Just-Tęgoborze landslide lies in Magura Nappe in the Outer (Flysch) Carpathians [12, 

18]. On the research area, Magura Nappe is represented by southern and northern Rača 

subunits. Southern Rača subunit consists of hieroglyphic beds of age of middle and lower 

Eocene and Magura beds of age of upper Eocene – Oligocene. Hieroglyphic beds are mainly 

built of thin-bedded sandstones and shales. In the upper part, they are interbedded with 

medium and thick-bedded sandstones, whereas, in the lower part, shales constitute a majority. 

Magura beds consist of muscovitic sandstones of 0.7-2 m thickness. Northern Rača subunit 

exposes on a small part of landslide area, between Łososina valley and the northern border 

of Magura Nappe [19]. It is represented by Sub-Magura beds of age of middle Eocene – 

Oligocene. They are built of sandstones and shales. 
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Just-Tęgoborze landslide is located on the area of complicated tectonics between Magura, 

Sub-Magura and hieroglyphic beds [20]. It is due to the fact that Magura sandstones are more 

resistant than shale and shale-sandstone complexes of Sub-Magura and hieroglyphic beds. 

Another reason for landslide movements is constituted by the occurrence of weak variegated 

shales prone to swelling and highly tectonic disturbances. Landslide movements usually 

occur during intensive infiltration of water from spring thaws or long-lasting rainfalls [12]. 

Landslide colluvium is made of clays, weathered clays and weathered flysch rocks i.e. 

sandstones and shales. It has a maximum thickness of approx. 30 m (fig. 3). Clayey colluvium 

has been differentiated into plastic, semi-solid and solid.  

According to a borehole data a few slip surfaces were distinguished. One on the contact 

between rock weathering colluvium and less weathered flysch bedrock, and at least two 

within landslide colluvium. Mainly the slip surfaces located within colluvial deposits have a 

strong influence on slope stability and are the direct threat to the state road no. 75 and the 

infrastructure in the vicinity. 

 

Fig. 2. Range of the Just-Tęgoborze landslide (based on the data from Central State Geodetic and 

Cartographic Resource). 

Based on the data from the boreholes, which locations are shown on the figure 2, the cross-

section along the P1 – P1’ profile was prepared (fig. 3). 

 

Fig. 3. Cross-section along the P1 – P1’ profile of the Just-Tęgoborze landslide. A-A’ indicates seismic 

profile. 
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3 Methodology 

3.1 Numerical modelling 

In order to determine the factor of safety of the slope (FoS), a numerical simulation was 

carried out on the basis of the cross-section determined along P1-P1' profile (fig. 3). Model 

geometry was constructed on the basis of data obtained from geotechnical boreholes. The 

length of the model was 277 m. The left frame of the model was 91.5 m high, while the right 

- 42.5 m. Based on geological and engineering data, four layers were defined in the model. 

Strength parameters adopted for calculations are presented in Table 1. The impact of water 

was taken into account by reducing the values of strength parameters taken from [21] on the 

basis of EUROKOD 7 guidelines [22].  

Table 1. Physical-mechanical properties of the geological layers on the base of [21].  

Layer name Volumetric 

density [kg/m3] 

Cohesion [kPa] Internal friction 

angle [] 

Clayey colluvium (plastic) 2100 13.5 9 

Clayey colluvium (semi-solid) 2150 17.25 11 

Rock weathering colluvium 2420 17.25 11 

Shales/Sandstones 2500 75.0 32 
Values of Young modulus and Poisson ratio was the same for all layers and were respectively 82 MPa and 0.36 

In the calculation model, a discretization mesh with a mesh size of 1.0x1.0 m was 

introduced. As a result, 34200 computational elements were obtained. Boundary conditions 

have been introduced in such a way as to block the possibility of horizontal displacements 

on the right and left frames, and on the bottom frame both the vertical and horizontal 

displacements. The surface of the model was a free surface in which displacements were 

possible in each direction. The simulation was performed in a plane strain state. A linear 

elastic perfectly plastic model was adopted, with use of the Coulomb-Mohr strength criterion. 

The calculations were made in a FLAC v. 8.0 program based on the  finite difference 

method, in which the slope factor of safety  is obtained using strength reduction method [16, 

17, 23-25]. In addition the FLAC code give a possibility to compute multiple factors of safety 

along a complex slope profile [16, 24, 26].  

3.2 Seismic interferometry 

Acquisition 

Seismic interferometry acquisition was conducted along the A-A’ profile which went through 

the borehole 3 shown on the figure 3. Local seismic noise generated by intense vehicle traffic 

was registered by 12 Güralp CMG-6TD three-component broadband seismometers which 

were installed along the profile A-A’. Seismic noise came from three directions which 

allowed to obtain sufficient seismic noise recordings during 60 minutes. Intervals between 

seismometers were 10 m, 15 m and 20 m. 

Processing and interpretation 

Seismic noise registrations were band-pass filtered in the 7 to 20 Hz frequency band. Next, 

1-bit amplitude normalization was applied. As a result of cross-correlation, series of 

empirical Green’s functions were calculated between all seismometer pairs. Then, the 

application of frequency-wavenumber (f-k) transform allowed to separate surface wave 

energy from body waves. It led to obtain dispersion images of Rayleigh surface waves. 
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Analysis of dispersion was based on picking fundamental modes of Rayleigh wave dispersion 

curves. Next, inversion was applied using genetic algorithm which parameters were as 

follows: number of population: 128; exponential stretch function; crossover probability: 0,9; 

mutation probability 0,02. As a result, 1D S-wave velocity models were obtained and finally 

2D S-wave velocity section was visualized. More detailed description of SI processing and 

interpretation on Just-Tęgoborze landslide is presented in [12]. 

4 Results and analysis 

4.1 Numerical modelling 

As a result of numerical modelling three main slip surfaces along the P1-P1’ profile were 

indicated (fig. 4). Two of them, which factor of safety value is 1.5 or less, are located within 

the layer closest to the surface (plastic clayey colluvium). The FoS values are not enough to 

provide slope stability especially in case of heavy rainfalls or intense traffic. The third slip 

surface is located deeper and goes through the border between bedrock and rock weathering 

colluvium. The slip surfaces are located in direct vicinity of the state road no 75. Its course 

partly overlaps the course of A-A' seismic profile.  

 

Fig. 4. Factor of safety contours on Just-Tęgoborze landslide along P1-P1’ profile obtained from 

numerical calculations. 

Figure 5 shows the development of shear strain increment during stability calculations. 

The greatest values of shear strains accumulates within the lower part of the weakest slip 

surface between 150 and 165 m of P1-P1'. Strong accumulations of the shear strains could 

be also observed within the layer of rock weathering colluvium between 140 and 160 m of 

P1-P1' profile. 

 

Fig. 5. Normalized shear strain increment on Just-Tęgoborze landslide along P1-P1’ during slope 

stability numerical calculations. 
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The outcrop of the deeper slip surface between the 180 and 190 m of P1-P1' profile could 

be connected with the occurrence of transverse ridges of the slope which are visible on the 

terrain surface of the study area (fig. 6). 

 

Fig. 6. Possible occurrence of transverse ridge on the terrain surface of the study area. The sketch on 

the upper left corner is based on [27]. 

4.2 Seismic interferometry 

As a result of processing and interpretation, seismic cross section of shear wave velocity field 

was obtained (fig. 7). 

On the seismic section, three main zones of seismic velocity are clearly visible. The zone 

with the smallest S- wave velocities from 180-270 m/s is located the closest to the terrain 

surface. Its thickness ranges from 6 to 10 meters. Velocities from the range 270-340 m/s 

indicate the next velocity zone with an average thickness of 5-6 meters. The deepest-located 

layer is characterized by the S-wave velocity values higher than 340 m/s. The roof of this 

layer occurs at the depth of 10 to 15 m. 

Regarding the geological-engineering cross-section, we can correlate the near surface S-

wave velocity layer with the clayey colluvium – it is particularly prone to changes caused by 

water infiltration. Second seismic layer we can correlate with the weathered clays with rock 

fragments of shales and sandstones and weathered shales and variegated shales. Seismic 

boundary with the velocity of 340 m/s indicates less weathered variegated shales interbedded 

by sandstones which are considered as the flysch bedrock. 

 

Fig. 7. S-wave velocity section from seismic interferometry with seismic noise gained on Just-

Tęgoborze landslide along A-A’ seismic profile. Black thick dashed lines indicates interpreted 

seismic borders (3 denotes borehole point). 
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4.2 Comparison analysis 

To better understand the interpretation of seismic layers we try to correlate it with the results 

of numerical calculations. By superimposing a map of S-wave velocity and map of shear 

strain increment obtained from numerical modeling we could make comparative analysis 

(fig. 8). In general, the slip surfaces only coincide to some extent with interpreted seismic 

boundaries. It is worth emphasizing the fairly good compatibility of the location of the upper 

slip surface, indicated as I, with the shallowest seismic boundary of clay colluvium. In the 

conditions of strong rainfalls, landslide processes could be reactivated in this colluvium. 

The location of the II slip surface along flysch bedrock corresponds to the location of the 

third seismic boundary between weathered shales and flysch bedrock. Both borders coincide 

over a small section, but it is clearly seen that they form a logical continuity. However, there 

are no distinct changes in the S-wave velocity field associated with the curvature of slip 

surfaces I and II towards the terrain surface. 

 

Fig. 8. Superimposing map of S-wave velocity on the map of shear strain increment. The color scales 

of both of the maps are the same like on the figures 5 and 6 respectively. Grey contours indicate the 

continuity of shear strain increment of two slip surfaces described as I and II. 

5 Conclusions 

This article presents a comparison study of S-wave velocity field obtained from seismic 

interferometry and the results of numerical stability analysis for Just-Tęgoborze landslide. 

Based on the outcomes of the conducted research, the following conclusions were drawn: 

1. As a result of numerical stability analysis three main slip surfaces along the P1-P1’ 

profile were indicated. Two of them are located within the shallowest clayey 

colluvium. The third slip surface goes along bedrock border. 

2. Three main layers of S-wave velocity were indicated on the basis of seismic 

interferometry:  

I. velocities from 180-270 m/s (thickness 6-10 m) could be connected with 

the clayey colluvium, prone to changes caused by water infiltration, 

II. velocities from 270-340 m/s (thickness 5-6 m) could be connected with the 

weathered clays with rock fragments of shales and sandstones and 

weathered shales and variegated shales, 

III. velocities higher than 340 m/s (starts at the depth of 10 to 15 m) could be 

connected with less weathered variegated shales interbedded by sandstones 

which are considered as the flysch bedrock. 
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3. Superimposing of S-wave velocity cross-section and cross-section of shear strain 

increment obtained from numerical modelling let us to draw following remarks: 

a. the slip surfaces only coincide to some extent with interpreted seismic 

boundaries, 

b. fairly good compatibility of the location of the upper slip surface with the 

shallowest seismic boundary of clay colluvium was obtained, 

c. the location of the deepest slip surface along flysch bedrock corresponds 

to the location of the third seismic boundary between weathered shales and 

flysch bedrock. 

d. no distinct changes were observed in the measured S-wave velocity field 

associated with the curvature of slip surfaces towards the terrain surface. 
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