NEW PORTABLE MECHANICAL SENSOR SYSTEM FOR ROTATIONAL SEISMIC MOTION MEASUREMENTS
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2. Introduction

1. Summary
A new mechanical sensor system for recording the rotational components of ground velocity in a horizontal
plane has been constructed. It was tested both in a laboratory and in a field experiment. The sensor system is
based on measurements of differential motions between paired sensors mounted along the perimeter of a rigid
(undeformable) disc. The elementary sensors creating the pairs are sensitive low-frequency geophones with
equal frequency response. The main features of the new rotational seismic sensor system is a flat frequency
characteristic in the wide range from 1 Hz to 200 Hz and sensitivity limit of the order of 10-8 rad/s. Notable
advantages are small dimensions, portability, easy installation and operation in the field. An important feature
of the instrument is that it provides records of translational seismic motions together with rotations, which
allows many important seismological applications. We have used the new sensor system to record the
rotation velocity in a horizotal plane due to a small earthquake of ML=2.2, which occurred within the
earthquake swarm in Western Bohemia in autumn 2008. We found good agreement of the rotation record with
the transverse acceleration, as predicted by theory. This measurement demonstrates that this device has a
much wider application than just prospecting measurements, for which it was originally designed.

In general, ground motion is uniquely described by displacement, strain and rotation. Until recently, almost no
attention was paid to rotational seismic motions. They were not measured because of the lack of sufficiently
sensitive instruments for their detection. This has changed in the past decade. A new trend in rotational
seismometry is to use small mechanical or electrochemical sensors. Nowadays special rotational sensors of
various types for seismic measurements are being developed. Their advantage is low price and small dimensions,
which adds flexibility to the measurements. As far as the authors know, their sensitivity is currently estimated at
10-7 rad/s [1]. An advantage of the newly developed seismic rotational sensor system presented here is the
increased sensitivity. It can reach 10-8 rad/s. The sensor system can be used to detect motions due to
anthropogenic sources (e.g., blasts) and natural sources (earthquakes).

3. Basic principle of the sensor system
The new rotational sensor system, shortly called 'rotaphone', is designed to measure the ground motion
rotation rate components

4. Design features
A prototype of the seismic rotational sensor system (rotaphone) according to the principle explained in Sec. 3
has been constructed and subjected to the patent process (Utility Model No. CZ20014U1, Patent Application PV
2008-688,[2]). The purpose of this device is to measure the vertical rotational rate component both for motions
generated by natural sources (earthquakes) and anthropogenic sources (blasts, generator of rotational waves).
Therefore, only horizontal geophones are used here.
For this prototype, geophones LF-24 (made by Sensor Nederland B.V.) have been used. The advantage of
these geophones is a relatively high sensitivity (together with a suitable amplifier it can reach 15000 Vs/m) and
the flat frequency characteristics above 1 Hz. Four horizontal geophones are mounted in two pairs along a metal
disc, diameter 25 cm, equipped with stabilizing stems and spirit-levels to guarantee horizontal disc position.
They are spaced regularly along the disc perimeter, see Fig. 2. All the geophones are oriented clockwise. This
means that the axes of the geophones in a given pair are parallel, but oriented against one another. Thus, the
records must be summed instead of subtracted to obtain their difference.
All the geophones are connected by cables to one common amplifier and one common digitizer.
The problem of different characteristics of individual geophones must be solved by proper calibration of the
geophones.
The theoretical upper sensitivity limit is of the order of 10-8 rad/s. This sensitivity can be reached under two
conditions: first, the individual geophones are 'identical' or perfectly calibrated, and second, there is no noise.
Fig. 2: A prototype of the new seismic rotational
sensor systems containing four horizontal geophones.
S - Sensor system, U - Control unit including amplifier
and data transducer.

Principal features of the new seismic rotational sensor system:
It consists of several pairs of highly sensitive geophones connected to a common recording device
(amplifier, transducer, etc.);
The geophones are mounted along the perimeter of a rigid ground-based undeformable (metal) disc in
such a way that they are situated at the apexes of an even-apexed regular polygon, and the line
connecting the geophones in the given pair passes through the centre of the disc;
The distance separating the geophones in the given pair (i.e., diameter of the disc) is much less than the
wavelength but sufficiently large to allow the differential motions in the geophone pairs (the
differential motion is only due to the rotation of the disc) to be detected;
Rotation rate is determined by more than one geophone pair, which allows to perform 'in situ'
calibration of the geophones simultaneously with the measurement (see poster XL254);
It is possible to measure all the three rotation rate components with one device provided a sufficient
number of pairs of both vertical and horizontal geophones are mounted on the disc (in the prototype
described above only horizontal geophones were used so that only the vertical rotation rate was
determined).

where vi denotes a ground velocity component.
The method is based on determining the spatial derivatives of ground velocity approximating them by finite
differences. This requires the ground velocities to be measured at two points, the distance of which is much
smaller than the wavelength, but still large enough to allow differential motion (i.e. difference in the two records
due to rotation) to be detected. Very sensitive instruments, e.g., geophones with high gain, have to be used to
meet this condition. The geophones are mounted in pairs on a rigid undeformable skeleton attached to the
ground. Thus the rotation rate components simplify

Assume the paired geophones are identical in terms of their characteristics. The only differences in the
velocities recorded by the individual geophones, making up the pair, are then due to the rotational motion of the
rigid skeleton. This rotation corresponds to the rotation of the ground at the point, at which the centre of the
skeleton is situated.
Depending on the specific design features, the device can measure either just one component (e.g. vertical)
or two or even all three components at the same time. Fig. 1 shows a scheme of one possible realization of the
device containing 3 pairs of horizontal geophones and 2 pairs of vertical geophones. In this configuration the
vertical rotational rate component is 'over-determined', the same values are determined by all the three
geophone pairs. These multiplex data are of two-fold use: first, they can be stacked to suppress noise and
second, they can be used to calibrate the individual geophones. Thus, the use of more geophone pairs provides
higher accuracy and reliability of the measurements. It represents an important feature of our methodology.

Fig. 1: One possible configuration of the geophones in the
rotational sensor system - map view. 1 - Centre of the rigid disc
and of all the even-apexed polygons withgeophones,
2 - Horizontal geophones, 3 - Rigid disc, 4 - Vertical geophones,
5 - Even-apexed polygons, 6 - Lines connecting the geophones
in a pair.

The instrument provides records of translational seismic motions together with rotations, which
allows many important seismological applications.

5. An example of a rotation rate record
By coincidence, the development of the new sensor system was finished in autumn 2008, at the time when a significant earthquake swarm
occurred in Western Bohemia. Earthquake foci were clustered in the region of Nový Kostel, about 15 km to the North of the town Cheb (Eger), see
Fig. 3, at depths from 7 to 12 km. The rotational record presented is due to the earthquake of local magnitude 2.2, of 15 October, 2008, 16:00:04
UTC. The rotational sensor system was installed at the seismic station Kvìtná (KVC), see the inlay in Fig.3. The epicentral distance to the station is
4.4 km, the depth of the earthquake source is about 8.6 km (J. Horálek, 2009, pers. comm). Fig. 4 shows the raw ground velocities from four
horizontal geophones (A, B, C, D) of which the sensor system consisted and the raw vertical rotation rate data (without calibration, filtering, etc.)
from the A-C and the B-D geophone pairs (traces E and F). Ideally, the two rotation rate records E and F should be exactly the same as they both are
due to the rotation of the rigid disc, which is the same at any point along its perimeter. The differences are due to different sensor characteristics,
which must be corrected by proper calibration. The rotation rate record after calibration is shown in Fig. 5. Comparison with the rotations derived
from pairs A-C and B-D in Fig. 4 illustrates clearly how this kind of measurement can be influenced by the fact that the geophones used are not
identical.
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It is possible to verify, at least partly, the rotation rate data by comparison with the transverse ground acceleration. This method is based on the
assumption of a plane wave propagating with constant velocity in one direction along the Earth's surface, see Fig. 6. To meet the assumptions of a
plane wave requires a relatively large epicentral distance or relatively high frequency content of the wavefield in order to neglect the difference
between the real curved wavefront and a plane wavefront within one wavelength. In this case, the vertical rotation rate waveform coincides with that
of the transverse acceleration. Fig. 7 provides the comparison of the vertical rotation rate measured by the new sensor system with the transverse
acceleration in the frequency domain, while Fig. 8 shows this comparison in the time domain. Both records are filtered by the high-pass secondorder Butterworth filter with a cut-off frequency of 10 Hz. The overall match is surprisingly good bearing in mind the proximity of the earthquake
focus and indubitable structural inhomogeneities in the area.
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Fig. 3: A map of the earthquake swarm
area (inlay). Asterisk denotes the
epicentre of the earthquake, ML=2.2,
of 15 October, 2008, 16:00:04, black
circle denotes station KVC. The map is
zoomed-in from the map of the Western
Bohemia region.

Fig. 6: Assumption of a plane wave
propagating along the Earth's surface
x3=0. The wave propagates in the
direction of axis x. z is the transverse
direction. In this case, vertical rotation rate
can be expressed in terms of transverse
acceleration
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Fig. 4: Raw data (horizontal velocigrams)
recorded by the sensor system (A to D)
together with vertical rotation rates
derived from pairs A-C (part E) and B-D
(part F).

Fig. 5: Vertical rotation rate after calibration
(black) compared to the average of the
rotation rates derived from pairs A-C and BD (blue).

Fig. 7: Amplitude spectrum of the vertical
rotation rate (black) compared to that of
the transverse acceleration (blue). Both
spectra are high-pass filtered using the
second-order Butterworth filter with
a cut-off frequency of 10 Hz.

Fig. 8: Vertical rotation rate (black)
compared to transverse acceleration
(blue), both high-pass filtered using the
second-order Butterworth filter with a
cut-off frequency of 10 Hz.

6. Conclusions
We have successfully designed and built a new, compact and highly
sensitive rotational seismometer (rotaphone) consisting of several pairs of
elementary sensors (geophones) mounted on an undeformable skeleton.
Seismic rotations are derived from differential motions recorded by these
sensor pairs. The sensors in the pairs may be both horizontal or vertical
geophones which allows to determine all the rotational components
including tilts in the frequency range from 1 Hz to 200 Hz, which is of
seismological interest.

Compared to other methods of determining seismic rotations, namely
ring-lasers and small-aperture arrays, the proposed instrument is flexible,
portable, relatively inexpensive and easy to install and operate. It also
allows collocated rotational and translational measurements. Its sensitivity
is several orders lower than that achievable by the ring-laser gyroscopes
and it is comparable to that derived from array measurements. As far as the
authors know, it is at least one order higher than the reported sensitivity of
other small portable seismic rotational sensors (e.g., R1 by Eentec, [3]).

The presented example shows that it performed very well in measuring
the vertical rotation rate due to a small event (ML=2.2) about 4 km distant
from the rotaphone. The waveform of the rotational rate record, properly
filtered, matches well the waveform of the transverse acceleration, which is
predicted by theory under the assumption of a propagating plane wave.
Bearing in mind that both records were obtained by completely different
methodologies, this good agreement verifies, at least in medium frequency
range, the rotational rate record.
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