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Introduction
At present, the definition of seismic hazard involves 
almost exclusively translational ground-motion analysis 
along the three dimensions of space. However, to fully 
describe the ground motion, rotations also need to be 
considered, which results in a total of six components 
(i.e., three for translation and three for rotation; also 
known as the six degrees of freedom; 6-DOF). Rotations 
were not taken into account for a long time, as they were 
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Abstract 

Although rotational seismology has progressed in recent decades, the links between rotational ground motion and 
site soil conditions are poorly documented. New experiments were performed on Kefalonia Island (Greece) following 
two large earthquakes (MW = 6.0, MW = 5.9) in early 2014 on two well‑characterized sites (soft soil, VS30 ~ 250 m/s; 
rock, VS30 ~ 830 m/s, VS30 being harmonic average shear‑wave velocity between 0 and 30 m depth). These earth‑
quakes led to large six‑component (three translations and three rotations) datasets of hundreds of well‑recorded 
events. The relationship between peak translational acceleration versus peak rotational velocity is found sensitive to 
the site conditions mainly for the rotation around the vertical axis (torsion; dominated by Love waves): the stiffer the 
soil, the lower the torsion, for a given level of translational acceleration. For rotation around the horizontal axes (rock‑
ing; dominated by Rayleigh waves), this acceleration/rotation relationship exhibits much weaker differences between 
soft and rock sites. Using only the rotation sensor, an estimate of the Love‑to‑Rayleigh energy ratios could be car‑
ried out and provided the same results as previous studies that have analyzed the Love‑ and Rayleigh‑wave energy 
proportions using data from translational arrays deployed at the same two sites. The coupling of translational and 
rotational measurements appears to be useful, not only for direct applications of engineering seismology, but also 
to investigate the composition of the wavefield, while avoiding deployment of dense arrays. The availability of new, 
low‑noise rotation sensors that are easy to deploy in the field is of great interest and should extend the use of rotation 
sensors and expand their possible applications.
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considered as negligible (Richter 1958), and the same 
for their engineering consequences in comparison with 
those of translational motion. Moreover, rotation sensors 
were not available to directly measure rotations during 
an earthquake.

Over the past four decades, rotational seismology has 
caught the attention of many earthquake scientists. For 
example, Droste and Teisseyre (1976) derived rotations 
from an array of seismographs. Arrays of translational 
sensors (as standard accelerometers) were also used by 
Spudich et  al. (1995) and Spudich and Fletcher (2008). 
Nigbor (1994) measured the rotation induced by a large 
chemical explosion using a gyro-sensor. Again using a 
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gyro-sensor, and an inertial angular displacement sensor, 
Takeo (1998) measured the rotation rate in the near-field 
region of an earthquake swarm. Igel et al. (2005) and Igel 
et  al. (2007) used a ring laser gyro to record rotational 
motions for large, long-distance events. The development 
of more compact (and cheaper) sensors based on elec-
trochemical magnetohydrodynamic technology allowed 
easier field deployment, used, for example, by Liu et  al. 
(2009), Wassermann et  al. (2009), Yin et  al. (2016), and 
Zembaty et al. (2017).

However, there remain very few datasets of rotational 
records, especially in comparison with the standard 
“translational” acceleration datasets. There is the data-
set built by Takeo (2009) with the records of a seismic 
swarm in offshore Ito, Japan, and those built by Liu et al. 
(2009) in Taiwan, and Yin et al. (2016) at the Garner Val-
ley Downhole Array (GVDA) in California, USA. The 
effects of the local soil conditions on rotations have not 
been directly addressed from the empirical and statisti-
cal points of view, especially due to the lack of large and 
diversified datasets, although these local soil conditions 
might have great impact on the translational seismic haz-
ard levels, due to the importance of site effects, and on 
the rotational motion as well, in relation to the develop-
ment of local surface waves.

Beyond the possible importance of rotation in earth-
quake engineering, the measurements of both rotation 
and translation might increase the possible applications 
in terms of wavefield composition analysis (i.e., part of 
the energy devoted to body or surface waves), derivation 
of the propagation velocity of seismic waves, source kin-
ematics, and other aspects (Takeo and Ito 1997; Lee et al. 
2009a; Igel et al. 2012; Marano and Fah 2014). The cur-
rent limitation for the implementation of this approach 
is the relatively low sensitivity of previous rotation sen-
sors that could be used in the field (like the Eentec R-1 we 
used in the present study), as these needed relatively high 
motion levels to provide an acceptable signal-to-noise 
ratio. However, a new generation of rotation sensors is 
now available, as, for example, the Eentec R-2 (Leugoud 
and Kharlamov 2012) or the BlueSeis3A (Bernauer et al. 
2017), and these might allow new applications in the near 
future.

In this paper, we introduce two new 6-DOF data-
sets that were recorded on well-characterized sites with 
different subsoil properties, during the post-seismic 
sequence of the two large earthquakes (MW =  6.0 and 
MW =  5.9) that occurred in early 2014 on the island of 
Kefalonia, in the Ionian Sea (Greece) (Hollender et  al. 
2015). This survey was conducted within the frame-
work of the SINAPS@ program (Berge-Thierry et  al. 
2016). These new datasets are compared with the previ-
ously available datasets (Liu et al. 2009; Takeo 2009; Yin 

et  al. 2016), and the relationships between translational 
acceleration and rotational velocity are discussed. Spe-
cial attention will be paid to possible effects of the soil 
properties on translational acceleration versus rotational 
velocity correlations. We also analyze 6-DOF in terms of 
spectral ratios. Finally, we comment on the possible uses 
of rotation measurements to evaluate the ratio of the 
energy between Love and Rayleigh waves through com-
parisons with previous data obtained by translational 
sensor array analysis (Imtiaz 2015; Imtiaz et al. 2017).

In the earthquake engineering literature, the terms 
“acceleration” and “velocity” implicitly concern transla-
tional particle acceleration and velocity. In the present 
paper, we specifically specify “translational acceleration” 
and “translational velocity” to clearly distinguish these 
from “rotational velocity.” The term “rotational rate” is 
also often used in the rotational seismology literature, 
although here the term “rotational velocity” is preferred. 
For the same purpose, the acronyms of “PGTA” (i.e., peak 
ground translational acceleration defined here as the 
maximum in the time domain of the absolute value of the 
translational acceleration along the three components) 
and “PGRV” (i.e., peak ground rotational velocity, simi-
larly defined as the maximum in the time domain of the 
absolute value of the rotational velocity along the three 
components) are used.

The SINAPS@ Kefalonia–Argostoli test site
Kefalonia Island is located in the Ionian Sea, Greece 
(Fig. 1), and it is one of the most seismically active regions 
in the Euro-Mediterranean area. This is particularly due 
to the proximity of the Kefalonia Transform Fault, which 
has a major role in the transition zone between the Afri-
can subducting plate and the continental Apulian plate 
(see, e.g., Louvari et al. 1999). Due to this high seismic-
ity and the presence of a sedimentary basin, this area was 
chosen as a test site within the framework of the French 
National Research Agency PIA SINAPS@ project (www.
institut-seism.fr/projets/sinaps/, Berge-Thierry et  al. 
2016). A permanent accelerometric vertical network 
within the Koutavos basin, known as “Argonet,” has been 
installed with the long-term objective to perform the val-
idation of three-dimensional, nonlinear computer codes 
(the notion of code validation being the quantitative 
comparison of the recorded ground motions with their 
numerical predictions, see, e.g., Maufroy et al. 2015).

The Koutavos basin is situated south of the town of 
Argostoli, the capital of the island. It is located on the 
southern shore of an elongated lagoon and is filled with 
Quaternary and Pliocene detritic deposits. This basin 
forms the heart of an active syncline (i.e., the Argostoli 
syncline) that is oriented NNW–SSE (Fig.  1) and is sit-
uated at the east of the thrusts that are associated with 

http://www.institut-seism.fr/projets/sinaps/
http://www.institut-seism.fr/projets/sinaps/


Page 3 of 19Sbaa et al. Earth, Planets and Space  (2017) 69:124 

the asymmetric anticline of Minies. These folds distort a 
series of extremely thick Cretaceous limestone (from the 
lower Cretaceous), and they are topped off locally by a 
carbonate Eocene to Paleocene series and then a detritic 
Oligocene to Miocene series. This first folded series is 
overlain by a detritic series composed of calcarenite and 
then argillite and sandstone, which goes from the lower 
Pliocene to the Quaternary. The Plio-Quaternary series is 
also folded, and the deformation of the old Quaternary to 
middle Pliocene certifies the steadiness of the compres-
sive deformation.

The sites where the rotation data presented in this 
paper were recorded have been characterized by geo-
physical methods based on analysis of the surface-wave 
dispersion characteristics. In addition, cross-hole and 
down-hole measurements were carried out within the 
Koutavos park (Cushing et  al. 2016). This survey led to 
the determination of the VS30 measures (i.e., the har-
monic mean of the shear-wave velocities over the 30  m 

of soil), as: VS30  ~  250  m/s for the soft-soil sites and 
VS30 ~ 830 m/s for the rock sites.

Before the installation of the permanent vertical accel-
erometric array that has been operational since July 2015, 
Kefalonia Island was shaken by two significant earth-
quakes, on January 26, 2014, at 13:55:43 UTC (ML = 5.8, 
MW  =  6.0, according to the National Observatory of 
Athens seismicity catalog), and on February 3, 2014, 
at 03:08:45 UTC (ML =  5.7, MW =  5.9). This sequence 
motivated the organization of a post-seismic survey of 
the SINAPS@ project (Hollender et  al. 2015; Perron 
et al. 2017). This survey involved many instruments (i.e., 
accelerometers, broadband seismometers, rotation sen-
sors) that were deployed on different soil conditions. All 
datasets recorded during the SINAPS@ post-seismic sur-
vey are open (Perron et al. 2017, see “Availability of data 
and materials” section for more information). The analy-
sis of the accelerometer and broadband seismometer 
data “alone” has already led to several published studies 
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(Berge-Thierry et  al. 2016; Imtiaz et  al. 2017; Svay et  al. 
2017). In the present study, we focus on the analysis of 
the rotation data, with the combination of the trans-
lational data recorded in co-location with the rotation 
sensors.

Building the Kefalonia rotational datasets
All of the sensors used in the post-seismic survey 
recorded the ground motion in continuous mode with a 
200-Hz sampling frequency. To build the event datasets, 
the National Observatory of Athens seismicity catalog 
was used to extract time windows from the continuous 
records. The extracted events then underwent system-
atic visual examination. The arrival times of the P waves 
(TP) and S waves (TS) were also manually picked from the 
time series. Only the events that had a signal-to-noise 
ratio >10 on both the translational and rotational records 
were kept. Here, the signal-to-noise ratios were evaluated 
directly on the time series after application of a 1–10 Hz 
bandpass filter. This relatively narrow filter was only used 
for the event selection. For the rest of the study, the data 
were filtered using a broader 0.5–50  Hz bandpass fil-
ter. The signals were also corrected to account for their 
respective instrumental responses. Only one rotation 
sensor (Eentec R-1; connected to a Nanometrics Taurus 
digitizer) was available for the post-seismic array. This 
sensor was tested by Bernauer et al. (2012) and used by 
several authors (e.g., Liu et al. 2009; Yin et al. 2016; Zem-
baty et al. 2017). Details about its instrumental response 
correction can be found in Yin et al. (2016). It was placed 
successively at three different locations, which provided 
three recording phases.

Initially, the rotation sensor was collocated with a 
translational accelerometer (Güralp CMG5; linked to a 
Nanometrics Taurus digitizer), from February 6, 2014, to 
February 19, 2014 (i.e., for around 2  weeks), within the 
Koutavos park at a soft-soil location (see below for more 
information on the soil conditions). This period is defined 
as “phase 1.” Within the available open dataset described 
in Perron et  al. (2017), this rotation sensor location is 
called “ROSA.” Using this procedure (as described above), 
421 events were extracted. Unfortunately, the analysis of 
these data showed that one of the horizontal components 
of the translational accelerometer did not work correctly, 
which prevented true six-component analysis. Hence, in 
the present study, the data from phase 1 are only used for 
the analysis of the rotation records. Note that the rota-
tion sensor was “virtually” placed here in the center of 
a dense array that had been installed previously in the 
framework of the NERA program (funded by the Euro-
pean Union), which allowed complete analysis of the 
ground-motion coherency and the wavefield composition 
(Imtiaz 2015). This array was no longer in place for the 

SINAPS@ post-seismic survey, but the results of the rota-
tion measurement could be analyzed using the results of 
the Imtiaz (2015) study.

In the second step, the rotation sensor was installed at 
a rock site, in the center of a dense array that consisted 
of 21 broadband translational seismometers (Güralp 
CMG6TD; with integrated digitizers), from February 
19, 2014, to March 10, 2014 (i.e., for around 3  weeks). 
This period is defined as “phase 2.” Within the available 
open dataset described in Perron et al. (2017), this rota-
tion sensor location is called “RORA.” Phase 2 allows 
the comparison between the rotation and translation 
data and also the comparison with the wavefield com-
position extracted from the dense array (Imtiaz et  al. 
2017). However, the strongest events cannot be analyzed 
for this phase as the seismometers were saturating for 
strong motion (i.e., above a velocity of around 2.5 mm/s 
for CMG6TD sensors). After rejection of the saturated 
records, it was possible to extract 118 events for which 
both translation velocity and rotation velocity motions 
were available.

Finally, at the end of the dense array experiment, 
the rotation sensor was installed in co-location with a 
translation accelerometer, again in the Koutavos basin, 
140 m from the first location of phase 1, at the location 
for the future permanent vertical array; this was oper-
ated from March 11, 2014, to July 2, 2015 (i.e., for around 
16  months). This period is defined as “phase 3.” Within 
the available open dataset described in Perron et  al. 
(2017), this rotation sensor location is called “ROAN.” 
Here, it was possible to extract 805 events with both rota-
tion and translation data. The “Argonet” permanent verti-
cal array has been operational since July 11, 2015, and the 
rotation sensor was kept on the site. Here, 29 events from 
the best records of the permanent array (up to July 28, 
2016) were added to this dataset to complete the data-
set with the strongest motions. Phase 3 allows the com-
parison between rotation and translation data without 
any upper limit in terms of strong motions, which allows 
analysis over a wider range of motion levels and event 
magnitudes.

The main features used to build these three rotational 
datasets are given in Table  1, compared to three other 
datasets from the literature. Altogether, almost 1400 
well-recorded events were extracted. Phase  1 is only 
partly used here as the failure of the associated transla-
tional sensor prevents 6-DOF analysis. Phase 2 is lim-
ited in terms of magnitude and ground-motion levels 
due do the use of velocimeters that saturated for strong 
motions. Fortunately, the dataset obtained covered a suf-
ficiently large range of ground-motion levels to be use-
ful in the analysis of the effects of the soil conditions, as 
this was recorded on a rock site. For convenience and 
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homogeneity, all of the translational velocity records 
were converted into translational acceleration for the 
present study. Phase 3 is a rich dataset, as it contains a 
wide range of events in terms of magnitude, epicen-
tral distance, and ground-motion level. Figure  2 shows 
the maps of the recorded events. Figure 3a–c shows the 
epicentral versus magnitude distributions of these three 
Kefalonia Island datasets, including color representation 
of the peak ground translational acceleration (PGTA). 
The datasets of phases 1 and 2 are strongly dominated 
by the aftershock sequence of these early 2014 Kefalo-
nia earthquakes. The phase 3 dataset is the most com-
plete, and it also includes the main shock and major 
aftershocks of the Lefkada earthquake that occurred on 
November 17, 2015 (ML =  6.0, MW =  6.4, according to 
the National Observatory of Athens seismicity cata-
log). The largest motion in this dataset was recorded on 
November 8, 2014 (ML  =  MW  =  5.0), which was the 
result of a local earthquake. This record led to maximum 
PGTA = 3.72 m/s2 and PGRV = 6.23 × 10−3 rad/s.

As already mentioned, the previous works by Imtiaz 
(2015) and Imtiaz et  al. (2017) provided valuable infor-
mation concerning the wavefield characteristics. These 
works allowed determining the respective energy amount 
of Love and Rayleigh waves within the whole seismic field 
for both the soft-soil and rock sites. They also allowed 
investigating the respective amount of “direct arrival” 
surface-wave energy (surface waves with a back-azimuth 
propagation direction within a ±20° angle around the 
source back-azimuth) and of the “diffracted” surface-wave 
energy (surface waves coming from other directions). 

These studies showed that on both the soft-soil and rock 
sites, more than 80% [mean over the (1–20 Hz) frequency 
range] of the surface-wave energy has a diffracted origin.

Figure  4 shows examples of the time series recorded 
with both translational and rotational sensors after the 
0.5 to 50  Hz bandpass filtering. Figure  4a shows the 
best (i.e., strongest, non-saturated) event recorded on 
the rock site (phase 2; ML = 3.9; Rhypo = 15.9 km). Fig-
ure 4b shows the best event recorded on the soft-soil site 
(phase 3; ML = 5.0; Rhypo = 20.2 km). Here, the transla-
tional sensor was an accelerometer, and hence, there was 
no saturation.

Figure  5 shows the amplitude spectrum densities 
(ASDs) computed on the signals and on the noise, and 
the signal-to-noise ratios of the time series shown in 
Fig. 4 (without any bandpass filtering). Figure 5 illustrates 
that the rotation sensor used had a higher noise level in 
comparison with the translational sensors. For example, 
for the event shown in Fig. 5a (ML = 3.9; Rhypo = 15.9 km, 
which corresponds to peak PGTA = 0.15 m/s2, which is 
relatively significant ground motion), the signal-to-noise 
ratio was <10 below 2 Hz, where the translational signal-
to-noise ratio was two orders of magnitude higher.

“Peak value” analysis of the datasets
The PGTA is one of the simplest and most widely used 
parameters in earthquake engineering. It is defined as 
the maximum in the time domain of the absolute value 
of the translational acceleration of the three components. 
By analogy, the PGRV is also the first analyzed parameter 
in rotational seismology. The analysis of these datasets 

Table 1 Main characteristics of the datasets used in the present study (PGTA: peak ground translational acceleration)

Datasets Kefalonia Island site Literature data

Soft soil (phase 1) 
(ROSA)

Rock (phase 2) 
(RORA)

Soft soil (phase 3) 
(ROAN)

Ito, Japan (Takeo 
2009)

HGSD station, 
Taiwan (Liu et al. 
2009)

Garner Valley 
Downhole Array 
(Yin et al. 2016)

Number of events 421 118 834 216 52 74

Dates 6/02/2014–
19/02/2014

19/02/2014–
10/03/2014

11/03/2014–
31/07/2016

20/04/1998–
30/04/1998

8/05/2007–
17/02/2008

11/10/2008–
30/12/2014

Site conditions
(VS30; m/s)

250 830 250 Unknown Unknown 280

Maximum PGTA 
(m/s2)

– 0.15 3.72 3.44 0.47 1.20

Magnitude cor‑
responding to 
maximum PGTA

– 3.9 5.0 5.0 5.8 5.4

Maximum magni‑
tude

4.7 3.9 6.3 5.0 6.6 7.2

Slope: b – 0.96 0.89 1.09 0.97 0.90

Intercept: a – −2.86 −3.05 −2.90 −2.92 −2.99

Standard deviation – 0.15 0.14 0.11 0.12 0.26
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was initially carried out using these two parameters. 
Although comparing “acceleration” with “velocity” might 
appear inconsistent at first glance, those parameters are, 
however, those that are considered. Indeed, it is easy to 
show that under the assumption of transverse plane 
waves, the transverse translation acceleration üy(x, t) and 
rotation velocity �z(x, t) are in phase at all times (e.g., 
Igel et al. 2005) and their ratio is linked to the propaga-
tion velocity c:

Figure  6 shows the PGRV as a function of the PGTA 
for the five datasets: the Kefalonia rock-site (phase  2) 

(1)
üy(x, t)

�z(x, t)
= −2c.

and soft-soil site (phase 3) datasets introduced here, and 
three other datasets from the literature (Liu et  al. 2009; 
Takeo 2009; Yin et al. 2016). The magnitudes of the dif-
ferent events are shown according to a colour scale. The 
main features of these datasets are given in Table 1, and 
their magnitude/hypocentral distance distributions are 
illustrated in Fig.  3. The Liu et  al. (2009) dataset was 
recorded at the HGSD station in Taiwan, which oper-
ated over almost 1  year. The Takeo (2009) dataset was 
obtained over a relatively short period, recording events 
from an earthquake swarm in April 1998 offshore of Ito 
(Japan). This is a very particular dataset since all events 
have almost the same hypocentral distance (Fig.  3e). 
Note that in the table provided in the paper of Takeo 
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(2009), we rejected three events that seemed outliers 
to us. The Yin et  al. (2016) dataset was recorded at the 
GVDA (USA) over several years. The subsoil conditions 
are known through the VS30 parameters for both of the 
Kefalonia datasets and the Yin et al. (2016) dataset.

Figure  7a shows the PGRV versus PGTA values for 
each event of each dataset, again using color to indicate 
the origin of the dataset. At first glance, all of the datasets 
show the same overall features, and the point clouds are 
more or less superimposed. To go further and perform 
a more quantitative comparison between these datasets, 
the linear regression between the logarithm (log10) of the 
PGRV (expressed in rad/s) and the logarithm (log10) of 
the PGTA (expressed in m/s2) was computed according 
to the relationship shown in Eq. (2):

The curves obtained are shown in Fig.  7b, and the a 
and b values from the regression and the standard devia-
tion are given in Table  1. To compute the regression 

(2)log10(PGRV) = a+ b log10(PGTA).

with both of the Kefalonia datasets, only the data with 
PGTA > 5 × 10−3 m/s2 were considered, since the “real” 
point clouds were probably truncated below this value 
because of the applied signal-to-noise ratio criterion: 
keeping the whole dataset could have led to bias the 
regression.

All of the datasets are found to produce very similar 
regression lines, except the Takeo (2009) dataset, which 
has a greater slope. Lee et  al. (2009b) already showed 
the difference in the slope between the Takeo (2009) 
and Liu et  al. (2009) datasets. We suggest that this can 
be explained by an effect of the magnitude on the rota-
tions. Indeed, Fig.  6d shows that there is a strong cor-
relation between magnitude and PGTA (or PGRV), 
whereas, for the other datasets, the magnitudes are bet-
ter “distributed” along the whole dataset distribution 
(see Fig.  3). The Takeo (2009) dataset is relatively dif-
ferent from the other ones as it recorded signals from a 
swarm at very short distances. However, this bias might 
also have an instrumental origin, as Takeo (2009) used 
an inertial angular displacement sensor, whereas all the 
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other datasets (i.e., Kefalonia datasets; Liu et al. 2009; Yin 
et al. 2016) were recorded using electrochemical magne-
tohydrodynamic sensors. In terms of standard deviation, 
the datasets are also comparable, except for the Yin et al. 
(2016) dataset, for which the standard deviation is almost 
twice those of the other sites. It is also interesting to note 
that there is no a priori evidence of the impact of the soil 
conditions (i.e., differences between rock and soil sites) 
on the PGRV/PGTA relationship.

To go further, Fig. 8 distinguishes the rotational com-
ponents by showing separately:

1. the peak torsion velocity (i.e., with torsion as the 
rotation around the vertical axis, which characterizes 
rotational movements in the horizontal plane) versus 
peak ground translational acceleration measured on 
the two horizontal components (denoted  PGTAH; 
Fig. 8a);

2. the peak rocking velocity (i.e., with rocking as the 
rotation around the horizontal axes) versus peak 
ground translational acceleration measured on verti-
cal component (denoted  PGTAZ, Fig. 8b).

For the sake of simplicity, “torsion” and “rocking” will 
refer to “torsion velocity” and “rocking velocity” in the 
rest of this article. These comparisons were done on the 

two Kefalonia datasets and the Yin et al. (2016) dataset, 
as distinction between torsion and rocking was available. 
For the  PGTAZ/rocking correlation, there are only slight 
differences between the datasets. For the  PGTAH/torsion 
correlation, however, there is a clear difference between 
the datasets. Indeed, the Kefalonia rock-site dataset 
shows a significantly lower torsion for any given value 
of  PGTAH than that seen for the other two datasets. The 
Yin et al. (2016) dataset also shows slightly lower torsion 
for a given  PGTAH than for the Kefalonia soft-soil data-
set. Figure 9 shows the torsion velocity versus the rock-
ing velocity. Here, again, there are differences between 
these three datasets. For all of these datasets, the rocking 
is statistically higher than the torsion, but the Kefalonia 
rock-site dataset shows the greatest differences between 
these (Fig.  9b). Figure  9a shows that for the Kefalonia 
rock-site dataset, all of the events show higher rock-
ing than torsion. For the Yin et  al. (2016) dataset, most 
of events have higher rocking than torsion, with only a 
few with higher torsion. For the Kefalonia soft-soil data-
set, most of the events still have higher rocking than tor-
sion (Fig. 9b, where the regression line remains beneath 
the 1:1 line on the torsion versus rocking plot), although 
quite a lot of the events have higher torsion than rock-
ing. At the opposite end, Liu et al. (2009) observed that 
for the Liu et  al. (2009) dataset of the HGSD station 
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(Taiwan), the torsional components were mostly greater 
than the rocking components. Comparing the Yin et  al. 
(2016) dataset with the Liu et al. (2009) dataset, Yin et al. 
(2016) indicated this difference between the rocking and 
torsion PGRV values and suggested that “the explana-
tion for such difference may be attributed to the different 
site conditions and different source types in Taiwan and 
California.” 

The features observed in Figs. 8 and 9 suggest that, for 
the torsion versus PGTA and the torsion versus rocking 
correlations, the differences between these three data-
sets can be explained by local soil properties. Indeed, the 
dataset associated with the stiffer soil condition (i.e., the 
Kefalonia rock site; VS30  ~  830  m/s) showed the lowest 
torsion with respect to rocking and PGTA, whereas the 
datasets associated with the softer soil conditions (Kefalo-
nia soft-soil site, Yin et  al. 2016; VS30  ~  250, 280  m/s, 
respectively) showed the highest torsion. In a more quan-
titative way, this confirms the suggestion of Yin et  al. 
(2016) concerning the site condition effects (at the local 
scale) on the relative influence of torsion and rocking on 
the PGRV. These local conditions appear to actually have 
an effect on the maximum torsion, whereas no significant 
effects appeared to affect the maximum rocking.

Figure 10 shows the residuals (i.e., differences between 
each point and the regression curve) of previous regres-
sions as a function of the magnitude in order to inves-
tigate whether this parameter affects the rotation/
translational acceleration relationship. For each dataset, 
the residuals were computed using the regression result 
of the corresponding dataset. In order to help in reading 
the trend of point clouds (in gray in Fig. 10), the different 
events were gathered in ten magnitude bins of equal size 
(i.e., same number of points), for each of which the mean 
and standard deviations are plotted in color in Fig.  10. 
For the three datasets where rotation components can be 
distinguished (Kefalonia rock and soft-soil, GVDA), the 
residuals were computed for whole rotation (Fig. 10a–c), 
rocking (Fig. 10d–f), and torsion (Fig. 10g–i). For the Liu 
et al. (2009) and Takeo (2009) datasets, only the residuals 
on whole rotation are given (Fig. 10j, k).

The only clear magnitude effect is found for the GVDA 
(Yin et al. 2016) dataset, with a clear negative correlation 
(the higher the magnitude, the lower the rotation—for a 
given translational acceleration). This feature is observed 
on the whole rotation, rocking, and torsion (Fig.  10c, 
f, i). For the Kefalonia soft-soil dataset, and consider-
ing the level of standard deviation bars, a slight positive 
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correlation may be suggested for torsion only (Fig. 10h). 
No clear correlation arises from other datasets. The 
magnitude range of the Kefalonia rock dataset is anyway 
probably too reduced to exhibit a trend. Note, however, 
that for the particular distribution of the Takeo (2009) 
dataset in terms of magnitude, distance, PGRV, and 
PGTA (see Fig. 6d) no correlation can be found between 
magnitude and residuals (torsion Fig. 10i). If we compute 
the residuals of the Takeo (2009) using a regression line 
common to the whole datasets points, then a positive 
correlation between magnitude and residuals (the higher 
the magnitude, the higher the rotation—for a given trans-
lational motion) appears very clearly (it is not shown 
here, but can be inferred from the larger slope value of 
the regression line for this particular data, see Table 1).

Other residuals tests were performed for back-azimuth, 
hypocentral distance, and signal duration (depending on 
available information on the different datasets). For back-
azimuth, no trends were found. For hypocentral distance 
and signal duration, the (slight) possible trends were 
likely affected by a trade-off from magnitude (large mag-
nitude being generally associated with larger hypocentral 
distance and larger signal duration).

These analyses were done on peak values, and we did 
not differentiate horizontal components according to the 
source back-azimuth in terms of transverse and radial 
components. Neither have we done any analysis on the 
possible effect of source rupture orientation, although 
this effect could have a potential impact the on rota-
tional wavefield, as shown by Bernauer et  al. (2014).  
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Such analyses may be performed in the future on the 
datasets used in this paper, which are open (Perron et al. 
2017). However, as shown by Imtiaz (2015) and Imtiaz 
et  al. (2017), the surface waves contained within the 
whole wavefield are largely dominated by diffracted sur-
face waves that are independent of source back-azimuth 
of rupture orientation. So, we do not think that such 
effect can be observable on the rotational wavefield, at 
least within the frequency range of analysis [roughly 
(1–20 Hz)]. The future use of spatial derivative using the 
velocimeter dense array deployed on the rock site could, 
however, potentially allow performing such kind of anal-
ysis at a frequency lower than the one than the one meas-
ured by the rotation sensor.

Spectral analysis of the datasets
Analyses of the “peak ground motion” values are often 
not sufficient in earthquake engineering, as they do not 
address the frequency content of the ground motion. To 
go further, frequency analyses of the translation accelera-
tion/rotational velocity and rocking/torsion relationships 
were performed on the Kefalonia datasets. The ASDs 
were used. For the different spectral ratios shown here 
(Figs. 11, 12), the following procedures were used. First, 
the ASDs were computed for all of the components of 
all of the sensors for each event. These ASDs were then 
smoothed using the Konno and Ohmachi (1998) smooth-
ing approach (with a b parameter of 40). For each ASD, 
only the frequency ranges where the signal-to-noise ratio 
was >10 were kept. The different ratios were computed 
for each recorded event. Then, the means and standard 
deviations were computed using all of these former “sin-
gle event” ratios, and assuming a lognormal distribution. 

Finally, for the final mean and standard deviation curves, 
only the frequency ranges where at least ten events were 
available to compute the mean were kept. The following 
notations are used here:

  • Erot ASD of the rotational velocity around the east–
west axis;

  • Nrot ASD of the rotational velocity around the 
north–south axis;

  • Zrot ASD of the rotational velocity around the verti-
cal;

  • Etrans ASD of the translational acceleration along the 
east–west axis;

  • Ntrans ASD of the translational acceleration along the 
north–south axis;

  • Ztrans ASD of the translational acceleration along the 
vertical.

To combine horizontal components, the following 
Eqs. (3) and (4) were used:

The use of a factor of 2 at the denominator here is just 
the convention that allows the result to be 1 for the verti-
cal-to-horizontal ratios when all three components carry 
the same energy.

(3)Hrot =

√

E2
rot + N 2

rot

2
,

(4)Htrans =

√
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Fig. 9 Correlations between rocking and torsion for the two sites of the present study and from Yin et al. (2016). a all events. b regression lines
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As the rotation around the vertical axis (i.e., torsion) 
corresponds to motion in the horizontal plane, Zrot has 
to be compared to Htrans. Conversely, the rotation around 
the horizontal axes, Hrot, has to be compared to Ztrans. 
Both Zrot/Htrans and Hrot/Ztrans are shown as functions of 
the frequency in Fig. 11, for both the Kefalonia rock-site 
and soft-soil datasets. The ratios related to the Kefalo-
nia rock-site dataset are relatively limited in the low 

frequency because of the saturation of the seismometers 
used for the translational motion measurements, which 
discarded large-magnitude events, i.e., those which have 
the largest low frequency content.

Overall, the relationships between translational accelera-
tion and rotational velocity are particularly complex and 
highly frequency dependent. The ratio between torsion 
velocity and horizontal acceleration is lower for the rock 
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site than for the soft-soil site over the whole range of ana-
lyzed frequencies, which is consistent with previous obser-
vations using “peak ground value” analysis. For the rocking 
velocity to the vertical translation acceleration ratio, the 
rock site is higher than the soft-soil site at very high fre-
quencies (>20 Hz) and lower between 4 and 20 Hz. These 
features show that the “peak ground value” analysis is not 
sufficient to describe the wavefield complexity.

Figure  12 shows the Zrot/Hrot ratio, i.e., the torsion-
to-rocking ratio. Figure 12 was built using only the rota-
tion velocity sensor data, so that the phase 1 Kefalonia 

soft-soil dataset can be represented and compared with 
the two other phases. The two soft-soil datasets show 
relatively close results, with a steady decrease with 
increasing frequency. For the soft-soil site, roughly, the 
torsion is dominant below 10  Hz, whereas the rocking 
is dominant above 10  Hz. Within the frequency band 
where it is available, the rock dataset Zrot/Hrot ratio 
shows a similar decrease with increasing frequency, 
and the rocking is dominant at all frequencies (beyond 
4 Hz). That the rock ratio is below the soft-soil ratios is 
consistent with previous data, where it was shown that 
the torsion of a rock site is lower than that of a soft-soil 
site. However, the frequency dependence of the torsion-
to-rocking ratio also illustrates that the “peak ground 
value” analysis is not sufficient to describe the wavefield 
complexity.

Discussion: links to the surface‑wave content
Within a one-dimensional layered medium, and for a 
sufficiently distant earthquake (i.e., assuming that the 
incident body waves are nearly vertical), rotation is domi-
nated by surface waves. The predominance of surface 
waves may be enhanced in soft sites such as the Koutavos 
park because of the trapping of surface waves generated 
on the nearby valley edges. Following the equations given 
in Marano and Fah (2014), the rotations ωx, ωy, and ωz 
(around the x, y, and z axes, respectively) due to the Love 
wave can be described by Eq. (5):

(5)

ωx(p, t) = 0
ωy(p, t) = 0

ωz(p, t) = 1
2αLκsin(ωt − κ · p+ ϕL),
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Fig. 11 a Ratio of the torsional component amplitude spectrum density (ASD) (Zrot) to the horizontal translational acceleration ASD (Htrans) for the 
soft‑soil (red) and rock (green) sites. b Ratio of the rocking component ASD (Hrot) to the vertical translational acceleration component ASD (Ztrans). In 
each case, the thick central line is the average ratio from many events with S/N ratio beyond 10, while the thin lines correspond to the average ± one 
standard deviation
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where p is the position (at the surface), t is the time, ω is 
the temporal angular frequency, κ is the wave vector, and 
αL and ϕL are the amplitude and phase of the Love wave, 
respectively. The Love wave thus produces pure torsion 
rotation.

The rotation due to the Rayleigh wave can be described 
by Eq. (6):

where ψ is the wave propagation direction, ξ is the ellip-
ticity angle (with |tan ξ | as the ellipticity), and αR and ϕR 
are the amplitude and phase of the Rayleigh wave. The 
Rayleigh wave thus produces pure rocking rotation. 
When ξ = ±π/2, the polarization is horizontal, and in 
this case, the Rayleigh wave does not produce any rota-
tion. This is, for example, the case at the fundamental fre-
quency ( f0) of a site that is constituted by a homogeneous 
layer overlying a half-space.

The spectral ratios shown in Fig.  11 could be used 
to evaluate if 6-DOF measurements may measure the 
phase propagation velocity as suggested in Eq.  (1). Fig-
ure 13 displays the same results in terms of phase veloc-
ity from the ratio between translation acceleration in 
horizontal plane and torsion. Based on previous equa-
tions, this ratio should actually be controlled by the 
contribution of Love waves. Hence, in Fig. 13, the “theo-
retical” phase velocity of the fundamental mode of the 
Love wave is also drawn, using the velocity profiles avail-
able from former geophysical surveys (cross-hole and 
down-hole measurements performed on the soft-soil 
site, as well as surface-wave-based methods performed 
on both the rock and soft-soil sites, Hollender et  al. 
2015; Imtiaz et al. 2017; Svay et al. 2017). The Love phase 
velocities computed using 6-DOF measurements and 
the one computed using the velocity profiles are compa-
rable, with an overestimation by 6-DOF measurements 
at high frequency and an underestimation at lower fre-
quency. However, the possible existence of higher modes 
within the whole wavefield, even with rather low ampli-
tudes, might bias the estimate of phase velocities from 
amplitude ratios (Kurrle et  al. 2010). The same compu-
tation was done using rocking and vertical translation 
acceleration compared to Rayleigh-wave phase veloc-
ity. However, in this case, the results were much worse, 
with a large underestimation of phase velocity by 6-DOF 
measurements.

The ratio between the torsion and the rocking (as 
shown in Fig. 12) can also be related to the Love-to-Ray-
leigh energy ratio, according to Eqs. (7)–(9):

(6)
ωx(p, t) = αRκ sinψ cos ξcos(ωt − κ · p+ ϕR)

ωy(p, t) = −αRκ cosψ cos ξcos(ωt − κ · p+ ϕR)

ωz(p, t) = 0,

(7)Zrot = ωz = αLκL/2,

so that:

where EL and ER are the energies of the Love and Ray-
leigh waves, respectively, and vL and vR are the velocities 
of the Love and Rayleigh waves, respectively.

Assuming the Rayleigh ellipticity is a fraction ε of the 
horizontal to vertical spectral ratio (HVSR) measured 
from ambient vibration recordings (Nogoshi and Igarashi 
1971; Nakamura 1989; Bard 2008), this equation can then 
be written as:

Ambient vibrations measurements are available on the 
Kefalonia rock and soft-soil sites, and this ratio can thus 
be bounded with the two extreme assumptions ε = 0 and 
ε = 1.

The surface-wave energy ratios can also be deter-
mined through analysis of the wavefield composition 
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Fig. 13 Comparison of Love‑wave phase velocity estimated using 
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profiles (based on geophysical measurements) on both Kefalonia 
soft‑soil and rock sites
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analysis (i.e., the respective parts of the body, Love, and 
Rayleigh waves within the whole seismic motion) using 
dense arrays of translational sensors. This can be done 
using, for example, the MUSIQUE algorithm (Hobiger 
et al. 2012). This kind of analysis was performed for the 
Kefalonia soft-soil site by Imtiaz (2015) using a 21-sen-
sor dense array that was deployed from September 20, 
2011, to April 17, 2012, within the framework of the 
NERA European research program. For the first phase of 
the recording, the rotation sensor of the SINAPS@ post-
seismic experiment was located at the exact position of 
the center of this former array. A similarly dense, 21-sen-
sor array was also deployed on the Kefalonia rock site, 
simultaneously with the recording of the rotational data. 
The wavefield compositions were then also analyzed by 
Imtiaz et al. (2017). The results of these analyses on these 
dense arrays of both of the sites are given in Fig. 14a, in 
terms of the percentages of the energies of the Love and 
Rayleigh waves within the whole seismic motion wave-
field energy. The total energy of the surface wave is clearly 
higher on the soft-soil site. However, it can be seen that 
this difference is mainly caused by a difference in Love-
wave content. Globally, this Rayleigh-wave content is just 
a little higher on the soft-soil site. Assuming that the tor-
sion is dominated by the Love waves and the rocking is 
dominated by the Rayleigh waves, this is consistent with 
previous observations for the PGTA/rocking and PGTA/
torsion correlations (see Fig. 8).

To compare the data obtained by the rotation meas-
urement with those obtained by dense array analysis in 
terms of the energy ratio between the Love and Rayleigh 
waves (here, we use the energy ratio of the diffracted sur-
face waves which are largely dominant within the whole 
wavefield), Eq. (10) was applied to the Zrot/Hrot ratios of 
both of the sites, considering, to the first order, vL = vR. 
This approximated relationship needed to use the results 
of HVSR, as shown in Fig. 14b. The final results and com-
parisons are shown in Fig.  14c, which shows the EL/ER 
ratio that was derived from the array measurements, the 
EL/ER ratio that was derived from the rotational meas-
urements without ellipticity correction [i.e., assuming 
ε = 0 in Eq.  (10)], and the EL/ER ratio that was derived 
from the rotational measurements with the maximum 
ellipticity correction [i.e., assuming ε = 1 in Eq. (10)].

Overall, and for both sites, the comparisons between 
the curves inferred from the rotation sensor data and 
the curves inferred from the array analysis are particu-
larly satisfactory. For the rock site, the correspondence 
between the array measurements and rotation meas-
urements with ellipticity correction is very satisfactory 
between 4 and 10  Hz. However, above this frequency, 
rotation measurements produced higher EL/ER values. 
This difference might be due to the very low amount of 

Love-wave energy (<2%) derived from the array analysis 
(Fig. 13a, left, pink curve); this level is probably below the 
capability of the array analysis. We believe that rotation 
measurements are more reliable to determine EL/ER in 
this case and in this frequency range.

On the soft-soil site, the HVSR curve shows a signifi-
cant and clear peak centered at 1.57  Hz. The ellipticity 
correction here is significant, especially at frequencies 
below 4 Hz. Above this frequency, and up to 20 Hz, the 
correspondence between the array measurements and 
rotation measurements with ellipticity correction is very 
satisfactory. Below 4 Hz, the curve derived from the rota-
tion measurements without the ellipticity correction 
(ε = 0) overvalues the curve derived from the array meas-
urements, which in turn overvalues the curve obtained 
with the full ellipticity correction (ε  =  1). Here, the 
assumption that HVSR is dominated by Rayleigh waves is 
probably not completely valid as suggested by the large 
proportion of Love waves below 3 Hz derived from array 
analysis (Fig. 14a), and a better consideration of ellipticity 
might optimize these results.

The equations mentioned above and the subsequent 
figures and discussions are valid in one-dimensional lay-
ered media. From a geomorphological point of view, this 
assumption is easily verified on the rock site where the 
geology consists in tabular cretaceous limestones. As for 
the soft-soil site, located within the Koutavos basin, the 
1D hypothesis can be commented using the shape ratio 
h/l notion (Bard and Bouchon 1985). For the Koutavos 
basin case, h (the basin thickness) is around 80  m and 
l (the half-width of the basin) is around 500  m, which 
results in a shape ratio around 0.16. In this configuration, 
the Koutavos basin is clearly within the “1D resonance” 
case associated with generation of surface waves at the 
basin sides, according to the terminology proposed by 
Bard and Bouchon (1985). Despite these diffractions gen-
erated on the basin sides, the 1D interpretation of sur-
face waves remains locally valid and is governed by the 
local 1D velocity profiles (Bard and Bouchon 1980a, b). 
Indeed, the work by Imtiaz (2015) and Imtiaz et al. (2017) 
showed that, for the soft-soil site, the surface-wave wave-
field content is dominated by diffracted waves, but most 
surprisingly, it also showed that this feature is also true 
for the rock site.

Pham et al. (2009), analyzing rotational motion within 
the P coda, discussed on the fact that no torsional motion 
can be observed within a homogeneous media and that 
the observed torsion may be due to scattering within the 
crust. Beyond the observation that the surface-wave con-
tent is dominated by diffracted waves on both studied 
sites within the (1–20 Hz) frequency band, we think that 
the higher amount of torsional motion on soft soil, that 
we interpret as a higher amount of Love waves, is mainly 
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due to the lower S-wave velocity in near surface and the 
valley geometry. These surface low velocities are the cor-
ollary of an overall more pronounced velocity contrast 
with the deeper crust velocity that hence foster the for-
mation of local Love waves on valley edges.

Conclusions
The post-seismic survey that was conducted on Kefalo-
nia Island after the two large earthquakes (MW  =  6.0, 
MW =  5.9) that occurred on January 26, 2014, and on 
February 3, 2014, allowed to gather new comprehensive 
datasets combining translational and rotational measure-
ments (6-DOF) on rock and soil sites with well-charac-
terized site conditions. The analysis of these datasets and 

of three other datasets from the literature shows that 
there are no significant effects of the site conditions in 
terms of the relationships between translation and rota-
tion analyzed according to PGTA (i.e., the peak time 
domain values of the absolute value of the translational 
acceleration of the three components) and PGRV (i.e., 
maximum in the time domain of the absolute value of the 
rotational velocity of the three components). However, 
when distinguishing torsion (i.e., rotation around the 
vertical axis, dominated by Love waves) and rocking (i.e., 
rotation around the horizontal axes, dominated by Ray-
leigh waves), the site conditions are found to affect the 
amount of torsional motion: the stiffer the soil, the lower 
the torsion for a given level of translational acceleration. 
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In other words, rock sites show lower torsion during an 
earthquake in comparison with soft-soil sites. As far as 
rocking is concerned, the differences between these sites 
are much weaker.

The high number of events available for the Kefalonia 
soft-soil dataset (834) allowed determination of whether 
the magnitude, back-azimuth, hypocentral distance, and 
signal duration have any influence on the correlation of 
the peak of rotation, rocking, or torsion with PGTA. Only 
a small effect of the magnitude was suggested, and only 
for the torsion. This behavior appears to be very differ-
ent according to the site and/or the seismicity contexts, 
as previous studies reported other features (e.g., Yin et al. 
2016).

The availability of previous studies that used array pro-
cessing to determine the proportions of the Love- and 
Rayleigh-wave energies within the whole seismic energy 
(Imtiaz 2015; Imtiaz et al. 2017) and were carried out on 
the translational array data recorded for the two studied 
sites (i.e., rock, soft-soil), provided the opportunity to 
compare the Love-to-Rayleigh energy ratios as a func-
tion of the frequency determined by the arrays on the 
one hand and determined by the rotation sensors on 
the other. The results from both of these approaches are 
comparable, and they confirm a clearly higher content of 
Love waves on the soft-soil site in comparison with the 
rock site, whereas the proportion of energy carried by 
Rayleigh waves is comparable for both sites.

The coupling of translational and rotational measure-
ments to obtain the 6-DOF signals appears to be a use-
ful approach, not only for direct earthquake engineering 
applications, but also to study the wavefield composi-
tion, while avoiding the need for the deployment of 
dense arrays, which take longer to install and are more 
expensive to maintain. However, the relatively high level 
of instrumental noise for the rotation sensor used in the 
present study only allowed the recording of moderately 
strong ground motions (beyond 5 mm/s2). This was pos-
sible for Kefalonia Island due to the very rich aftershock 
sequences of the two early 2014 MW = 6.0 and MW = 5.9 
earthquakes. The availability of low-noise rotation sen-
sors, which are easy to deploy in the field, will be of a 
great interest and should generalize the use of rotation 
sensors (i.e., the possibility of ambient vibration meas-
urements) and enlarge their possible applications.
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