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Abstract  

The rotational and translational signals were registered at the Planetarium (“PLA”) station due to mining exploration, localized in the 

central part of the Upper Silesian Coal Basin. Visual inspection of the data peak values showed that the scaling relation between peak 

rotational velocity PRV and peak ground acceleration PGA could be expressed by mathematical relation of a power function. Signals were 

analyzed using the horizontal-to-vertical spectral ratio (HVSR) method, which leads to estimate resonance frequency and amplification 

level. Estimated amplification factor leads to estimate next regression models of scaling relation, similar expressed by power and linear 

functions. Comparison of the estimated function coefficients for raw data and data corrected by the amplification factor showed differences 

in their values which can be considered as proof of impact of the site effect on rotational motion.  
 

Abstrakt 

Seismometrické záznamy rotačních a translačních vibrací v důsledku důlních prací byly zaznamenány na stanici Planetarium (PLA) 

v centrální části Hornoslezské uhelné pánve. Vizuální kontrola zaznamenaných dat ukázala, že škálovací vztah mezi záznamy špičkové 

hodnoty rotační rychlosti (PRV) a záznamem špičkové hodnoty translačního zrychlení (PGA) může být vyjádřen výkonovou funkcí. 

Zaznamenané signály byly podrobeny HVSR analýze, která umožňuje určit hodnotu rezonanční frekvence a parametru zesílení. Zjištěné 

hodnoty parametrů zesílení byly použity pro stanovení teoretických modelů škálovacích vztahů definovaných lineárními a výkonovými 

funkcemi. Stanovené parametry škálovacího vztahu dosahují různých hodnot pro empirická data a data korigovaná o faktor zesílení. Výše 

uvedené pozorování dokazuje vliv geologických podpovrchových vrstev na zaznamenané rotační vibrace. 
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1 Introduction 
Rotational ground motion is described by torsion as motion around a vertical axis and rockings – motions around two horizontal axes 

(Zembaty, 2006). Generally, rotational seismology studied the effects of natural seismicity (e.g., Igel et al., 2007; Lee et al., 2009; Liu et 

al., 2009; Stupazzini et al., 2009), but the influence of anthropogenic seismicity also has been taken into consideration (e.g., Kalab et al., 

2013; Zembaty et al., 2017, Mutke et al., 2020). The relation between rotational motion and site conditions is still poorly documented issue. 

It is known that the amplification effect and wave resonance in the ground affect the observed translational signals, which cause amplifying 

translational peak amplitudes. Therefore, we supposed that it amplification change the nature of rotational motions. The amplification 

coefficient and resonance frequency were estimated using the single-station Nakamura technique (Nakamura, 1989), In terms of the 

transitional signal ratio, we have used the horizontal-to-vertical spectral ratio (HVSR). It must be noted that rotation in the horizontal axis is 

of vertical nature, and rotation in the vertical axis is of horizontal nature (Lee and Liang, 2008; Lee and Trifunac, 2009). As a consequence 

of that fact we have introduced a torsion to rocking spectral ratio (TRSR), in terms of rotational component spectra estimations. 

It corresponds to the horizontal rotation spectrum to the vertical rotation spectrum (Sbaa et al., 2017). The aim of this paper was to analyze 

the influence of amplification on the translation and rotational signals produced by various event generated by mining operations and 

implemented the results into relation between the maximum peak amplitudes of vertical rotational velocity and horizontal translational 

acceleration, as has been studied by many authors (e.g. Liu et al., 2009; Takeo et al., 2009; Lee et al., 2009; Yin et al., 2016; Sbaa et al., 

2017; Mutke et al., 2020). The estimated HVSR/TRSR maxima were used in the peak amplitude corrections to remove the assumed 

influence of site effects.  

 

2 Site and data characterization 
The seismic observations were carried out by a single seismic station, called "PLA", located in the city of Chorzów (Fig. 1a). The 

station location allowed to registered rotational seismic data from large distance, which was related mostly to the mine exploration 

conducted by Bielszowice Mine in the Upper Silesian Coal Basin (USCB), Poland. The presented study concerns the site effects; thus, we 

assumed a three-layered geological model: loose material (subsoil), intermediate layer, and rigid basement. The rigid basement is 

a Carboniferous coal-bearing formation represented by sandstones, mudstones, and siltstones interbedded with hard coal seams (Teper, 

2000, Mendecki et al., 2020). The intermediate layer is represented by the weathered Triassic sandstones built of rigid and loose material 
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due to the strongly weathered rocks (Buła and Kotas, 1994; Jureczka et al., 1995). The top layer in the vicinity is composed of the 

Quaternary sediments, represented by mix of: sands, pebbles, muds, alluvia, and peats. (Buła and Kotas, 1994; Jureczka et al., 1995). 

The collected seismic data of 46 events (Fig. 1b) were registered by the EENTEC measuring set, composed of the seismic recorder 

DR-4000 linked to the GPS module, translational seismometer SP-400, translational accelerometer EA-120, and rotational seismometer 

R-1. SP-400 is a triaxial force-balanced seismometer the dynamic range of which is equal to 142 dB and passband up to 50 Hz. EA-120 is 

a triaxial force-balanced accelerometer the scale range of which is equal to ± 2g, and the dynamic range is equal to 128 dB. R-1 is a well-

known triaxial rotational seismometer which resolution is equal to  and dynamic range is equal to 110dB, frequency band 

ranging from 0.05 to 20 Hz, and amplitude clip level of 0.1 rad/s at 1 Hz (www.eentec.com). The Department of Geology and Geophysics, 

the Central Mining Institute in Katowice, Poland, stores the digital records of seismic events. The strongest of the seismic event, the local 

Tab.1 Epicentral distances for the selected energy/magnitude ranges 

Energy [J] ML Number Epicentral distance for energy range [km] 

3.55E+05 – 5.50E+06  2.5-2.6 20 5.76 – 20.28 

8.51E+06 – 2.04E+07 2.7-2.9 19 5.78-20.43 

3.16E+07 – 7.59E+07 3.0-3.2 3 5.93-8.17 

1.17E+08 – 2.82E+08 3.3-3.5 3 8.17-9,70 

Fig. 1 Study area information: a) sketch of USCB with study area location and b) map of the study area with the seismic event distri -
          bution and the PLA station locations
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magnitude of which reached ML 3.5, occurred on June 6, 2016. In the catalog, the local magnitudes of the events range from 2.5 to 3.5 at 

the distance from 5.7 to 20.4 km (Tab.1). It indicates that relatively large events occurred in distances up to 10 km from the seismic station. 

Seismic energy values of the events caused high resolution of the rotational seismic signal in combination to the large distance. (see 

example in Fig. 2)The seismic catalog of the registered events, which contained the data related to the location and energy, was prepared 

based on the records from the IS-EPOS platform, a unit of the Upper Silesian Geophysical Observation System (Mutke et al., 2019).  

 

3 Methods 
 

3.1 HVSR for translational and rotational signals 
The Mining-induced seismic events 

recorded at a given point (Fig. 3a and Fig. 3c) 

allow to estimate the HVSR curve, which is 

formed by the spectral ratio of the horizontal and 

vertical components. In this analysis, coefficients 

of the local site effects: the subsurface layer 

resonance frequency and the amplification were 

estimated for the S-wave phase from each event. 

The spectral ratio between the mean horizontal 

and vertical components was calculated for each 

event which leads to estimate HVSR curve as the 

average value all of them (e.g. Bard et al., 2004, 

Pastén et al., 2015). The HVSR method was 

transferred to be applicable for rotational signals, 

which means that ratio of amplification is 

opposite to the estimated values. It is caused by 

planes of rotational motion movements. The peak 

torsion velocity (Fig. 3b) characterizes rotational 

movements in the horizontal plane, while the 

peak rocking velocity is the rotation around the 

horizontal axes (Sbaa et al., 2017). Therefore, 

HVSR for rotation signals was called by authors: 

the torsion-to-rocking spectral ratio (TRSR).  
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Fig. 3 Motion directions in translation (a) and rotation (b), and an ideal sketch of amplification effect in a soft layer (c)   

 

3.2 Scaling relations 
Basing on transverse plane waves, the transverse translation acceleration  and rotation velocity  are in phase at all 

times (e.g., Igel et al. 2005), and their ratio is linked to the phase velocity c: 

 (1) 

Following the researches (Fichtner and Igel., 2008; Wang., 2008) the plane waves can be replaced by the maximum peak value of the 

corresponding records: vertical rotational velocity and horizontal translational velocity, and consequently equation (1) can be rewritten as 

follows: 

 (2) 

where PGAH is a horizontal peak ground acceleration, estimated as a root of the sum of squared NS, ax(t) and EW amplitudes, ay(t), 

PRVz is a vertical peak rotation velocity. The relation (2) was investigated by many authors (e.g., Liu et al., 2009; Takeo et al., 2009; Lee et 

al., 2009; Yin et al., 2016; Sbaa et al., 2017).Visual inspection of the data applied to the linear regression model of the records convinced us 

to introduce the power law, thus we rewrote the formulas from equation (2) and supplemented them with power coefficients. Therefore, it 

can be expressed as follow: 
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where C and D are the power-law coefficients.  

In order to perform a comparison of the models equation (2) was rewrote as follow: 

 
where A and B are the linear function coefficients.  

 

4 Results 
 

4.1 HVSR and TRSR 
The spectral ratios for all of seismic events were estimated in the same way according to the SESAME criteria (Bard et al., 2004). 

The analyses were conducted to find the amplification and resonance frequency for average horizontal and EW, and NS directions. The 

median were calculated from all events (Fig. 4), which allowed to distinguish one general HVSR and TRSR peak (Tab.2). The first 

maximum was observed at frequency ranging from 3.99 Hz to 4.19 Hz for translation and from 5.6 to 6.0 Hz for rotation.  
 

4.2. Peak rotation and translation 

scaling relations 
Translational peaks representing 

the horizontal motion were divided by 

the first value of the HVSR maximum 

corresponding to amplification. 

Analogically, peaks of vertical rotational 

motion were divided by opposite value 

of averaged first HVSR maximum. Next, 

the direct data and estimated the 

regression models were compared. 

Comparison was performed separately 

for raw and corrected by amplification 

factor data. The results of coefficient 

estimation are presented in Table 3. 

Tab.2 Resonance frequencies and amplification factors were obtained 

          for rotation and translation in each component: average,  

         EW (x-axis), and NS (y-axis) 

Type of motion Component f0 [Hz] Peak value 

Translation 

AV TRSR PGA 3.99 4.44 

EW PGA 4.19 5.49 

NS PGA 4.00 3.49 

Rotation 

AV HVSR PRV 5.79 1.88 

EW PRV 6.0 2.55 

NS PRV 5.6 1.66 
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Tab.3 Regression coefficients estimated for the power and linear 

          functions (eq. 3 and 4)  

Regression coefficients estimated for the power functions (eq. 3) 

Empirical data/ 

Corrected data 
C σ(C) D σ(D) R2 

 

 
 

 
 

0.89 

     0.88 

Regression coefficients estimated for the linear functions (eq. 4) 

Empirical data/ 

Corrected data 
A σ(A) B σ(B) R2 

 
   

 

0.86 

     0.76 
 

 

Fig. 4 HVSR and TRSR curves of 46 events (gray lines) 

Red line is a median value of cases: 
a) average HVSR for rotational velocity; 
b) HVSR EW for rotational velocity;  
c) HVSR NS for rotational velocity; 

d) average HVSR for translational acceleration;  
e) HVSR EW for translational acceleration; 
f) HVSR NS for translational acceleration.
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The values of the standard deviations related to the estimated regression parameters suggested a better fit between empirical data and 

theoretical equation for power-law than linear relationship (Fig. 5).  
 

 

Fig.  Peak rotation-translation scaling relations  5 

   a) power law function 
   b) linear function
 
Black and blue dots are data respectively empirical 

 and after amplification correction. Red and green 
    lines  are models respectively empirical  and after 

 amplification correction.

a) b)

 

 

5 Discussion 
The regression results of estimated linear relation (eq.4) did not provide better results than published (e.g., Liu et al., 2009; Takeo et 

al., 2009; Lee et al., 2009; Yin et al., 2016; Sbaa et al., 2017). Moreover value of the function coefficients depends on empirical 

measurements values of rotation and translation motion and as a consequence obligate to estimation different model. Both of the linear 

function coefficients, “A” and “B” change their values after amplification corrections which suggest affection of the site effect. It is 

presumed that the unit of the "A" coefficient can be described as  , while “B” coefficient is unitless or described by . The regression 

results of estimated power-law relation (eq.3) produced satisfying results. Basing on value of R2 coefficients, the power-law relation was 

better approximated than the linear. The impact of the site effect is noticeable as a consequence of increasing values of “C” and “D” 

coefficients, after amplification correction. It is presumed that the unit of the "C" coefficient can be described as  , while “D” coefficient 

is unitless. 
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6 Conclusion 
Translational (HVSR) and rotational (TRSR) ratios indicated different resonance frequency for the first maxima as well as different 

peak values of TRSR and HVSR. This suggests different values of ground amplification for the rotational and translational motions. The 

implemented power function as a scaling relation between rotational velocity and translational acceleration peaks produced satisfying 

regression results. The correction of the amplification peak values had an effect on the estimated values of coefficients "C” and “D" which 

increased after correction. The linear function, as a scaling relation function produced worse regression results. Although similarly 

increasing values of the coefficients “A  and  B” after amplification correction is observable too.  

It suggests that all of scaling functions coefficients depends on the local site effect and, thus, can depend to a great extent on the local 

geology.  
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