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The effects of component rotation on H/V spectra:
a comparison of rotational and translational data
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Abstract: The presented investigation focused on site effect estimations, specifically resonance frequency and
amplification. These estimations were carried out for both rotational and translational signals, using waveforms
from mining-induced seismic events. Site effect parameters were calculated using the horizontal-to-vertical spec-
tral ratio (HVSR) technique, which is commonly applied to translational records by comparing the spectral ratio
between horizontal and vertical components. In this study, we also applied the horizontal-to-vertical (H/V) ratio
to rotational records. However, due to the different orientations of motion propagation, we introduced the spec-
tral H/V ratio for rotational motion as the torsion-to-rocking spectral ratio (TRSR). Furthermore, we analyzed
these signals according to two approaches. First, we estimated the site effect parameters for directly registered
signals, and secondly, we considered rotated components by varying the angle from 0° to 180° in 5-degree incre-
ments. Generally, the H/V curves indicated two peaks for translational motions and four peaks for rotational mo-
tions. The averaged H/V spectra and spectra obtained for different angles of component rotation showed insignif-
icant fluctuation in amplification values for both rotational and translational motions. However, when comparing
each component’s spectrum for all angles, we observed changes in the site effect parameter values for both motion
types. Radar plots depicting amplification values versus rotation angles for separated components revealed char-
acteristic fluctuations, suggesting local anisotropy. Moreover, when comparing the radar plots between rotational
and translational results, it was evident that rotational resonance frequencies shifted to higher frequency values,
potentially indicating shallower geological layers as their source.
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INTRODUCTION

The estimation of site effect parameters using
the horizontal-to-vertical spectral ratio method
(HVSR), as described by Nakamura (1989, 2019),
is widely recognized in seismological surveys and
practice. The amplification spectrum is determined
by dividing the horizontal-to-vertical Fourier spec-
trum of the P-S wave phase or S-wave phase (in the
case of analyzing seismic event signals) or signal

noise (e.g., Stanko et al. 2017, Zhu et al. 2019, Stanko
& Markusic 2020). Peaks observed on the amplifica-
tion spectrum define the resonance frequency and
amplification value. The input data for HVSR esti-
mation can stem from natural seismicity (e.g., Rong
et al. 2017, Stanko et al. 2020,) as well as mining-
induced seismicity (e.g., Olszewska & Lasocki 2004,
Olszewska & Mutke 2018). However, in some cases,
determining the main site effect parameters of the
spectrum can be challenging due to the presence
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of multiple amplification peaks on the signal (e.g.,
Zhu et al. 2019). On the other hand, some research
has shown (e.g., Rong et al. 2017) that the derived
amplification values may be underestimated com-
pared to standard spectral ratios and can also de-
pend on the orientation of the sensor (Rupakhety
& Sigbjornsson 2013, Pinzon et al. 2019). Following
studies presented by Zembaty (2006), a rotation-
al movement was categorized as rocking (around
the horizontal axis) and torsion (around the ver-
tical axis). Until recently, the HVSR method was
primarily used for determining translational site
effect parameters. In light of studies presented by
Nawrocki et al. (2021), the concept of the method
can be applied to estimate site effect parameters
from recordings of rotational motion. Therefore, the
HVSR method adapted for rotational motion was
described as the torsion-to-rocking spectral ratio
(TRSR). Despite TRSR and HVSR addressing differ-
ent types of motion, the key challenge of reliably de-
termining the main peak remains. Considering the
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impact of the rotation time history on the amplifica-
tion spectrum, the following questions arise: Does
the rotation of the time history alter the resonance
frequency value? Does it induce fluctuations in both
site effect parameters? Do rotation procedures yield
similar observations for TRSR and HVSR? The pre-
sented paper aims to analyze and compare the re-
sults of estimating the H/V spectrum for transla-
tional and rotational motion after rotating the time
history by angles ranging from 0° to 180°. This in-
vestigation was conducted at a single seismic station
located in the Upper Silesian Coal Basin, where seis-
mic data resulting from mining-induced seismicity
were recorded.

DATA AND SITE CHARACTERISTICS

Seismological observations were conducted at
a single station known as IMI, located in the Up-
per Silesian Coal Basin, Poland (Zembaty et al.
2017, Nawrocki et al. 2022) (Fig. 1A).

Om
10.5m

Quaternary

Tertiary

SNyv139

61.7m

Carboniferous

ANIVIEMN

252.0m

516135 521507 526880

Fig. 1. Study area information: A) location on the territory of Poland; B) generalized geological profile of the IMI site; C) detailed

map of registered seismic events
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Both translational and rotational signals were
simultaneously recorded using two independent
sensors: a rotational seismometer, R-1 (e.g., Lin
et al. 2009, Liu et al. 2009), and a translational ac-
celerometer, EA-120. Both sensors were connect-
ed to the DR-4000 data recorder, manufactured
by Eentec. The measurement setup was installed
at a shallow depth of 1.2 m. The recorded tem-
perature remained stable and below 18°C, elimi-
nating potential issues with the reliability of the
rotational sensor (Bernauer et al. 2012). From
a geological perspective, the site was character-
ized by a shallow layer of Quaternary sediments
(including sands, pebbles, muds, and alluvia)
resting above Triassic sandstones (Bula & Kotas
1994, Jureczka et al. 1995). Beneath these layers,

the rigid basement was formed by Carboniferous
coal-bearing formations, composed of sandstones,
mudstones, and siltstones interbedded with hard
coal seams (Sagan et al. 1996, Mendecki et al.
2020, Teper 2000) (Fig. 1B). The estimated average
shear wave velocity up to a depth of 30 m reached
408 m/s (Mutke et al. 2020). The seismic catalog
comprised 60 registered events, with local magni-
tudes ranging from 1.7 to 2.7. The estimated epi-
central distances varied from 0.75 km to 5.52 km
(Fig. 1C), which in connection to the range of the
local magnitudes caused high resolution of the re-
corded seismic signals (Fig. 2). A collection of all

recorded seismograms used in the analysis was at-
tached to the article as a supplementary file in on-
line version.
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Fig. 2. Seismogram of the seismic event registered at the IMI station on February 8, 2016, the local magnitude reached 1.93, and

the epicentral distance was equal to 0.9 km
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METHODS

Analysis of the registered seismic data was per-
formed for both types of seismic signals (i.e. ro-
tations and translations) in the same way. Firstly,
the signal rotation by an angle was performed as-
suming 5-degree step in the range from 0° to 180°
(Fig. 3). The procedure of axes rotation to obtain
the rotated amplitude response time histories can
be expressed as the following matrix formula:

Xp | cos(G) sin(e) X, M
Yp B —sin(G) cos(O) Y,
where X, and Y are the direct registered horizon-
tal signals along the E-W and N-S axes, respec-
tively, 0 is an angle of axis rotation, and X, and Y,
determine rotated signals.

The next step involves estimating site effect pa-
rameters, namely resonance frequency and ampli-
fication value, for each angle of signal rotation. To
achieve this, we conducted H/V analysis for the
S-wave phase of both signal types (Nakamura 1989,
2019). The expected resonance frequency was an-
ticipated to be lower than 2 Hz, corresponding to
the resonance of the Quaternary and Triassic de-
posits at this site (see Nawrocki et al. 2022). There-
fore, following the SESAME criteria (SESAME
2004), the signals were windowed fifty times, each
with a duration of approximately four seconds,
from the S-wave arrival, which allowed us to mark
off the signal part, including multiple reflections of
SH waves and therefore a fulfilled statement of the
Nakamura approach (Nakamura 1989, 2019).

Subsequently, they were transformed using the
fast Fourier transform (FFT) and smoothed using
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the Konno-Ohmachi logarithmic window func-
tion (Konno & Ohmachi 1998). The resulting sig-
nals were then processed further. The translation-
al amplification spectrum was derived using the
following equation (Zhu et al. 2020):

log,)HVSR,,, (f)=
= 0-5[10%%10 (STX (f) )+ logy (STy (f) )} )
—log;, (STZ (f))

where the S determines the result of using Fouri-
er amplitude spectrum for the event signal, and
T, Ty, and T, denotes the horizontal and vertical
components of the record.

H/V spectral ratio of the rotational motion,
called TRSR, can be estimated as the ratio of tor-
sional and rocking components (Sbaa et al. 2017,
Ringler et al. 2018, Nawrocki et al. 2021) and de-
scribed as the following equation:

log1oTRSR,y (f) =logyg (SR (f) )

-0 logy (S, (£)+1ogu S, (£)) | ©)

where the S determines the result of using Fourier
amplitude spectrum for the event signal, and R,
R, and R, denotes the rocking and torsion compo-
nents of the record.

In the end, results from the Equations (2)
and (3), for each of the angles of rotation were av-
eraged, which allowed us to calculate the resul-
tant spectrum curve. Since the sensors recorded
the signals simultaneously, we were able to extract
identical parts of the signals from both rotational
and translational records.
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Fig. 3. Motion directions in translation (A) and rotation (B), and rotation matrix sketch (C)

https://journals.agh.edu.pl/geol


https://journals.agh.edu.pl/geol

The effects of component rotation on H/V spectra: a comparison of rotational and translational data

149

RESULTS

The H/V curve of directly registered translation-
al signals revealed two prominent amplification
peaks at 1.60 Hz and 2.20 Hz. In contrast, the ro-
tational amplification spectrum exhibited three
primary peaks at 1.80 Hz, 3.60 Hz, and 4.60 Hz.
However, it has been pointed out by some re-
searchers (e.g., Zhu et al. 2020) that H/V estima-
tion using Fourier amplitude spectrum can yield
multiple amplification peaks, making it challeng-
ing to determine the true resonance frequency.
A suggested solution is to estimate H/V using re-
sponse spectrum acceleration, which is expected
to identify the true peak of the resonance frequen-
cy. Therefore, taking into account other research
conducted on the same database (see Nawrocki
etal. 2022), the general maximum for translational
motion was found at 1.60 Hz, while for rotation-
al motion, it was observed at 1.80 Hz and 4.60 Hz.
Consequently, further analysis was conducted for
the main resonance frequencies mentioned above,
which met the SEISAME criteria for general am-
plification peaks. Rotation of the time history in-
troduced fluctuations in the amplification values.
The angles of rotation that resulted in maximum
and minimum amplification values are listed in
Table 1. In the case of H/V for translational mo-
tion components, the difference in angles between
the maximum and minimum amplification values
ranged from 20° to 30°, while for the averaged H/V,

it reached 45°. However, concerning the first peak
of rotational H/V, the angle difference for the re-
spective EW and NS components was 90° and 10°,
while for averaged H/V, it was 5°. Regarding the
second rotational amplification peak, the angle
difference for averaged H/V reached 45° while for
the EW and NS components, it was 90°.

Rotation by the angle of the time history of
the signal caused changes in the shape of the ori-
gin amplification spectrum. In the case of the ro-
tational motion, the rotation of the time history
mainly caused changes with the amplification val-
ue (Fig. 4A-C).

In the case of translational motion, in addition
to fluctuations in amplification values, observable
changes in resonant frequencies were noted (see
Fig. 4D-F).

Radar plots of the averaged translational mo-
tion amplification spectrum (see Fig. 5A) dis-
played an ellipsoidal structure characterized by
a general peak maximum and a medium level
of the rest values fluctuation. Similar ellipsoidal
structures were observed for the rotational aver-
aged H/V as well. However, the NS and EW com-
ponents (see Fig. 5B, C) exhibited a distinct trend
of higher and lower amplification values. A simi-
lar orientation of the NS and EW components was
observed for the second amplification maximum
of the rotational motion (see Fig. 5D-F). Never-
theless, the components of the first amplification
peaks displayed an ellipsoidal structure.

Table 1
Comparison of the minimum, maximum and directly measured amplification value due to rotation of the time history by an
angle
Frequency | Directly measured | Minimum values Maximum values
Type of Directi Peak
motion irection €a range amplifi- anele amplifi- anele amplifi- anele
[Hz] cation & cation 8 cation &
NS 1 1.5-2.0 7.10 0 3.88 130 9.18 110
Translation EwW 1 1.5-2.0 6.70 0 3.99 40 10.83 10
AV 1 1.5-2.0 6.80 0 5.15 55 12.00 10
NS 1 1.0-1.5 3.70 0 2.00 105 3.51 10
4 4.0-4.7 1.37 0 1.04 135 2.25 45
1 1.0-1.5 3.10 0 2.00 105 3.62 115
Rotation EwW
4 4.0-4.7 1.37 0 1.05 50 2.27 140
AV 1 1.0-1.5 2.50 0 1.99 105 3.12 110
4 4.0-4.7 1.32 0 1.31 160 1.37 115
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Fig. 4. H/V curves of directed registered signals (blue line) and rotated (grey lines): A) average TRSR; B) EW-dir TRSR; C) NS-dir

TRSR; D) average HVSR; E) EW-dir HVSR; F) NS-dir HVSR

DISCUSSION

Considering the results of the data analysis pre-
sented in Table 1, rotating the time history by an
angle led to both increases and decreases in am-
plification values when compared to the estimat-
ed H/V for directly recorded signals. It is worth
noting that, based on the results, the angles that
produced maximum and minimum values for the
first peak of rotational motion were different from
those for translational motion. The literature has
previously noted the directionality of translation-
al H/V (Rupakhety & Sigbjornsson 2013, Pinzén
et al. 2019), attributing it to the presence of local
anisotropy in geological structures such as frac-
tures, faults, and the occurrence of heterogeneous
structures, which results in fluctuations in ampli-
fication values. Therefore, considering the similar
resonant frequency values between the first peak of
rotational and translational H/V, suggesting a sim-
ilar depth of the resonant layer, it can be inferred
that rotational H/V is influenced by a different

orientation of potential geological anisotropy
compared to translational H/V. However, when
examining the radar plots (see Fig. 5), it becomes
apparent that rotational amplification creates an
ellipsoidal structure without a specific orientation
of minimum and maximum values. This is in con-
trast to the translational H/V radar plots. The sec-
ond rotational amplification peak was observed at
4.60 Hz, which, assuming that the resonance fre-
quency for rotations is similar to that for transla-
tions, can be approximated using the formula:

;= Vs @)

4H
where Vs the shear velocity of the geological layer,
H and F, mean, respectively, thickness and reso-
nance frequency, leading to the conclusion that the
geological layer of the rotational resonance occurred
shallower than in the case for translation motions.
Thus, comparing the angles associated with max-
imum and minimum values between translations

and rotations may appear unwarranted.
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Fig. 5. Radar plots of H/V curves for rotated data: A) average HVSR; B) EW- dir HVSR; C) NS-dir HVSR; D) average TRSR;
E) EW-dir TRSR; F) NS-dir TRSR
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However, considering the results from the ra-
dar plots (see Fig. 4), the orientation of the struc-
ture between the respective horizontal com-
ponents of rotational and translational motion
displayed strong similarities. This suggests the po-
tential conclusion that the resonant layer, in some
cases, may produce varying values for the site ef-
fect parameters of rotational and translational
motion.

Taking into account the findings presented by
Nawrocki et al. (2022), it was suggested that the
reason for the different resonance frequency val-
ues in rotational and translational motion was
linked to the presence of rigid fractured struc-
tures (see Fig. 6). The motivation for this expla-
nation was found in studies that investigated the
mechanism of rotational source and attributed its
occurrence to friction processes or defects with-
in the medium (Kozak 2006, Teisseyre & Kozak
2006). While the possibility of fractures at the site
could not be ruled out, based on the resonance
frequency of the first rotational peak, it appears
that the resonant layer is predominantly compact-
ed (Nawrocki et al. 2022). However, the present-
ed model did not sufficiently explain why higher
resonance frequency values in rotational motion
correspond to lower values in translational mo-
tion (see Fig. 6). Therefore, assuming that the di-
rectionality observed in translational H/V results
from the presence of local anisotropy, and consid-
ering that the directionality orientation of trans-
lational motion aligns with the directionality ori-
entation of rotational motion at higher resonance
frequency values, it leads to the conclusion that

Translation

site effect parameters for rotation and translation
motion may differ even within the same geologi-
cal structure.

Another aspect concerns the resonance fre-
quency value of the primary H/V peak. In the case
of translational motion (see Fig. 4), fluctuations in
resonance frequency were observed. Consider-
ing the equation provided above (Equation (4)),
changes in resonance frequency values are linked
to the depth at which the resonance layer occurs.
The fluctuation between directly measured data
and rotated time histories reached 0.4 Hz. Con-
sidering the measured value of the averaged shear
wave velocity up to 30 m, which reached 408 m/s
(Mutke et al. 2020), the depth of the resonance
layer changed within the range of 62-57 m.

Conversely, a different situation was observed
for both amplification peaks in rotational H/V,
where the resonance frequency value remained
constant. Despite the rotation of the time histo-
ry, it appears that the resonant layer of rotational
motion did not exhibit changes in depth levels for
each of the defined amplification peaks.

The last aspect concerned on the Rayleigh wave
is an impact on the estimation of the S-wave phase
H/V spectrum (Nakamura 2019). The minimum
distance of the Rayleigh waves generation is given
by the formula (Okamoto 1984):

Vi

R 0

where V, is the Rayleigh wave velocity equalled
0.9B, B is the shear wave velocity, and d denotes
the depth of the event source.

Rotation
motion

motion

Compaction

<

rigid layer

Fig. 6. Models of translation and rotation resonance effects with amplified horizontal amplitudes in near-surface and different

depth ranges (after Nawrocki et al. 2022)
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The event depths ranged 1.0-1.2 km, while
the shear wave velocity of the surface layer was
2080 m/s. Consequently, the minimal distance of
Rayleigh wave generation ranged 2.0-2.4 km. The
dataset taken into the analysis excludes the pres-
ence of the Rayleigh waves on the 54 registered
signals, which was motivated by the meagre dis-
tance between the event source and the station,
up to 2.0 km. The rest of the events were char-
acterized by the epicentral distance, which was
4.0-5.5 km, and in consequence, the signal of the
Rayleigh wave occurred. Nevertheless, their in-
fluence on the estimated H/V spectrum was neg-
ligible.

CONCLUSIONS

The presented study showed an estimation of the
site effect parameters for directly measured and
also for rotated signals of rotational and trans-
lational motion. The H/V spectrum, derived for
each case of rotated signals, finally presented the
fluctuation of the site effect parameter values,
which suggested the occurrence of local anisotro-
py. The H/V spectrum of horizontal components,
estimated for rotated time history, produced
a characteristic ellipsoidal structure, which may
indicate the local anisotropy orientation. The el-
lipsoidal structure orientation was comparable
to the general amplification peak of the transla-
tions (1.60 Hz) and a third peak of the rotations
(4.60 Hz). Considering the dependence of the res-
onance frequency value on the shear velocity and
thickness, rotational amplification should be pro-
duced by shallower geological layers than in the
case of translations. That subjection was fulfilled
in the case of the comparisons between the first
translational and rotational amplification peaks.
However spatial orientation of the amplification
structures produced incomparable results. There-
fore, the possibility of the dependence of the site
effect values for the same geological structure on
the analyzed type of motion cannot be rejected.

The authors would like to thank Professor Grze-
gorz Mutke from the Central Mining Institute, Po-
land, for sharing the registered seismological data,
including rotational and translational data from
the seismic station.
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