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Strong-Motion Fluid Rotation Seismograph

by P. Jedlička, J. Buben, and J. Kozák

Abstract A new type of rotation seismometer is proposed using a fluid ring-shaped
sensor, where the inertial mass is a liquid moving in the tube attached to a pier to
measure rotational movements. Rotational components of seismic waves, which are
strong enough to twist heavy objects on the Earth’s surface in the epicenter zone of an
earthquake, decrease rapidly with distance. These weak rotational components may
easily vanish in standard seismograms displaying translational displacements. In the
proposed fluid, seismometer translational displacements are mutually compensated so
that weak rotational vibration components become easily identifiable and recogniz-
able. The technical and physical parameters of such a fluid ring device were tested and
evaluated. The proposed fluid seismometer was primarily designed for observing ro-
tational movements in the near field of earthquakes. However, it may also be used for
monitoring undesirable rotational effects in large engineering works.

Introduction

The effects of the rotational component of seismic
waves may be observed in the near field, where they exist
with a substantial intensity, and in the far field, where they
may reach nonnegligible values due to specific conditions of
the surface geology.

As demonstrated convincingly in numerous modern ar-
ticles (Teisseyre et al., 2006), strong surface rotational effects
observed in the near field are closely linked to nonlinear
processes such as nonelastic displacements or nonreversible
deformations in the seismic focal zone and in its vicinity.
In the articles by Suryanto et al. (2006) and Pancha et al.
(2000) the values of rotational velocity (in radians per sec-
ond) are reported as decreasing to negligible values of about
10�8 rad=sec at distances 2° < Δ < 80°. A detailed com-
parison can be found in Brokešová (2004).

In both cases, however, detailed knowledge of the rota-
tional component field seems to be important not only for a
better understanding of seismic energy release and its propa-
gation in the region under study but also for considerations
related to seismic risk from rotational displacements.

We aim to design and construct simple and reliable field
seismometers for recording the rotational components of
ground motions around the vertical axis in the epicentral
area. The designed seismometers should be of low cost so
that their use in large numbers over the studied region would
be possible.

Principles of Fluid Seismometers

The block diagram of the discussed device is given in
Figure 1. A liquid (2) of density ρ and viscosity η is used

as the inertial mass of the fluid seismometer; it fills a circular
ring tube (1) of radius r and inner tube diameter d. The ring
part of the seismometer may consist of n serially intercon-
nected turnings whose shape needs not to be strictly circular.

The tube is blocked by a rigid wall (3) that is perpen-
dicular to the tube axis. An elastic membrane in the body of
the converter (4) transforms differential pressure Δp across
the wall (3) into output voltage variations ΔV. Pressure vari-
ations occur due to rotational vibrations of the ring firmly
connected with the ground around its axis denoted by o in
Figure 1. Pressure variations may also be transmitted to the
converter by means of a small volume of suitable gas me-
dium enclosed between the liquid levels and the converter
membrane.

Tested Fluid Seismometer Models

In the case of quasi-static pressure variations Δp, the
following relation holds:

Vout � 2πknρr2Δε; (1)

where Vout is the output voltage, k is the sensitivity of the
pressure sensor (i.e., k � Vout=Δp), n is the number of rings,
ρ is the specific density of liquid, r is the ring radius, andΔε
is the variation of angular acceleration.

Derivation of this relation comes from the classical
equation for hydrostatic pressure p in a liquid of density ρ:

p � hρg; (2)
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where h is the height of the liquid and g is gravity accelera-
tion. This relation also holds true for the case of acceleration
a of motion. As for the ring rotation seismograph, the height
column of liquid is expressed as 2πrn, where r is the radius
of the seismometer ring and n denotes the number of ring
turns (n � 1; 2; 3;…; n). Substituting this expression into
(2) we get

p � 2πrρna: (3)

The tangential component at of rotational acceleration is

at � rε; (4)

where ε is angular acceleration and r is the radius of the
seismometer ring. By inserting (4) into (3), we get

p � 2πρnr2ε: (5)

Output voltage Vout of the differential pressure converter
used may be expressed as Vout � kp, where k is pressure
sensor sensitivity. Expressing quantity Vout through (5), we
get (1). For higher frequencies the spectral sensitivity of
the seismometer depends on the liquid viscosity η, the ratio
of the whole tube length to its inner diameter (2πrn=d),
the coefficient of friction, and the volume of the gas col-
umn. Transfer functions of the instrument are given in Fig-
ures 2 and 3.

Calibration measurements were performed on a rotation
shake table; the exciting vibrations of the base plate were
checked by a laser vibration velocity meter.

Curve a in Figure 2 shows the frequency response for
the case when 2πrn=d � 1000 and η � 0:001 N sec m�2.
When comparing the slope of the asymptotes for accelera-
tion, velocity, and displacement, one can see that at low fre-
quencies (f ≤ 3 Hz) the output voltage is proportional to
acceleration. At high frequencies, f > 18 Hz, the slope of
the transfer function approaches that of a velocimeter.

At medium frequencies (4–18 Hz), additional param-
eters such as the volume compressibility of the gas column
at the ring tips and viscosity of the liquid used result in a
complicated transfer function. Curve b illustrates the ef-
fect of increasing the liquid viscosity (toward values of
η � 0:2 N sec m�2) on the frequency response. For higher

frequencies the sensitivity of the seismometer decreases, and
the curve shifts toward lower frequencies.

It is evident from Figure 2 that the pattern of the
characteristics denoted a and c mutually differs (curve a
corresponds to a model of gas-free ring tube while curve
c corresponds to the gas column in the seismometer ring
equal to 1% of total ring tube volume).

Curve a in Figure 3 approaches the characteristics of
an accelerometer. Such behavior results when 2πnr=d �
110 and η � 0:01 N sec m�2. Curve b in the same figure
results from the identical configuration used for curve a

but with a viscosity value η � 1 N sec m�2. High liquid
viscosity clearly causes a decrease in sensitivity.
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Figure 1. Block diagram of fluid rotational seismometer. See
text for explanation.
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Figure 2. Transfer function (2πnr=d � 1000) for variable
physical parameters of fluids. See text for explanation of a, b,
and c.
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Figure 3. Dependence of transfer function (2πnr=d � 110) on
the viscosity. See the text for the explanation of a and b.
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Evidently, viscous damping depends on the relation
of the seismometer tube length to its diameter d, namely,
2πnr1=d, as well as on the liquid viscosity coefficient value.

It may be concluded that the properties of this rotational
seismometer can be tuned over a wide range by means of
specific mechanical arrangements and by a selection of suit-
able physical parameters of the fluid mass. Selected exam-
ples are shown in Figure 4.

Parameters of the Field-Tested Seismometer

For field testing a fluid seismometer was chosen that dis-
played the properties of an accelerometer characterized by
curve a in Figure 3. Its frequency and phase response deter-
mined experimentally by means of a shake table are shown in
Figure 5. The corner frequency for 3 dB decay is 80 Hz. The
phase response curve in Figure 5 displays a linear pattern,
which means that the group delay is nearly constant and
equal to about 3 msec in the frequency range from 1 to
80 Hz. The idealized transfer function H�s� of the seis-
mometer derived by means of the standard analysis method
(see Data and Resources section) was obtained as

H�s� � k1k2
s2 � 710s� 2:5 × 105

; (6)

where k1 � 2:5 × 105 and k2 is the sensor sensitivity (mea-
sured in V=rad=sec2). Complex associated poles are given by
�355� 352i and�355 � 352i, and the zero-pole diagram is
shown in Figure 6.

Sensitivity, Resolution, and Clip Level

The acceleration sensitivity of the seismometer was de-
termined to be 100 mV=rad=sec2 (see Fig. 5), which corre-
sponds to sensitivity 16 V=rad=sec at 28 Hz for rotational
velocity. The clip level over the whole frequency range is
100 rad=sec2, which corresponds to 0:6 V=rad=sec at 28 Hz.
The resolution of the seismometer is 9 × 10�3 rad=sec2,
which corresponds to 5 × 10�5 V=rad=sec at 28 Hz for rota-
tional velocity.

Figure 4. Samples of technical variants of tested fluid rotational
seismometer tubes. 1, 2: one-ring parts of rotation seismometer
(ring diameters 200 mm and 110 mm, respectively), 3: square-
shaped metal tube of rotational seismometer of diameter
600 mm, 4: multiring tube part of rotation seismometer of diameter
300 mm, n � 30, and inner tube diameter 8 mm.
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Figure 5. Amplitude and phase responses of the tested fluid
seismometer.

Figure 6. Zero-pole representation of the transfer function.
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Noise Level

The noise level in the device depends mainly on the dif-
ferential pressure sensor used. A wave train recorded in the
cellar of the Geophysical Institute building in Prague by the

sensor used in our device is shown in Figure 7 together with
its power spectral density. The recording noise level was de-
termined as less than 0:1 mrad=sec2 peak-to-peak.

Thermal Effects

Changing the temperature of the instrument influences
the function of some of its components, especially the fluid’s
viscosity, and may considerably affect the sensitivity and am-
plitude response of the seismometer. A temperature increase
reduces the viscosity coefficient and increases the seismom-
eter sensitivity, especially at higher frequencies. In the se-
lected model a temperature increase of 10°C increased the
device sensitivity by 1%.

Cross-Axis Sensitivity

Theoretically, this arrangement of ring seismometers
should not be sensitive to linear translation motions in any
direction. For proper compensation of translation motions,
however, a special, highly symmetrical converter should be
used, situated directly inside the seismometer tube. The ex-
perimental verification of cross-axis sensitivity, in our ar-
rangement, could not be determined with uncertainty less
than 1% due to technical limitations of the shake table used.

In Table 1 the parameters of the fluid seismometer are
compared with the specifications of two other seismometers,
R-1 and RSB20 (see Data and Resources section).

Fluid Seismometer—Field Recording

An attempt was made to utilize the tested fluid seis-
mometer for recording the rotational component radiated
by a natural seismic source. Because natural tectonic earth-
quakes strong enough to be recorded by a midsensitive fluid
device seldom occur in the region of Central Europe, we at-
tempted to test the device by recording mine tremors (rock-
bursts) in the Polish copper mine district in lower Silesia, in
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Figure 7. Noise level of the tested fluid rotational seismometer
and its power spectral density.

Table 1
Mutual Comparison of the Parameters of the Tested Fluid Rotation Seismograph with Standard Rotational Seismographs R-1 and RSB20

Parameters Tested Seismometer R-1 Seismometer RSB20 Seismometer

Operating principle Fluid Electrochemical Electrochemical
Output signal (sec) Short period broadband (BB) sensor

rotational acceleration
Three BB sensors rotational velocity Three BB sensors rotational velocity

Bandwidth 1–80 Hz 0.05–20 Hz 0.01–50 Hz
Resolution 5 × 10�5 rad=sec @ 28 Hz 1:2 × 10�7 rad=sec 0:6 × 10�8 rad=sec @ 1 Hz
Dynamic range 90 dB 110 dB 144 dB
Clip level 0:6 rad=sec @ 28 Hz 1:0 rad=sec ∼0:1 rad=sec @ 1 Hz
Sensitivity 16 V=rad=sec @ 28 Hz 50 V=rad=sec 15–1000 V=rad=sec
Mass lock None required None required None required
Mass centering None required None required None required
Cross-axis sensitivity <1% ≤0:1% ≤0:1%
Power 9–14 VDC* 9–14 VDC 9–30 VDC
Supply current 2 mA 20 mA 28 mA

*The feeding voltage of the compared accelerometers is expressed in direct current volts (VDC).
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the region where strong rockbursts (ML ∼3:0) regularly oc-
cur. We hoped that if the rotational component were detected
in a rockburst seismogram, in which rotational effects are
expected to be much weaker than in seismograms of tectonic
earthquakes of the same magnitude, it would also be possible
to record this component in seismograms of tectonic seismic
events of comparable magnitude.

In the period of 10–24 April 2008, we installed our
calibrated prototype fluid seismometer for a two week pe-
riod in the Rudna-Polkowice copper mine in Silesia, Poland.
On 19 April, 17 hr 50 min 39 sec Central European time, a
strong rockburst occurred at 51.47° N, 16.12° E, and 790 m
below the Earth’s surface. The epicenter distance was 1.5 km
with seismic energy of 1:2 × 107 J andML 2:5. The seismo-
gram of the rotational component of this tremor (recorded by
means of our fluid seismometer) is shown in Figure 8 to-
gether with the seismogram recorded by a translation seis-
mometer SM-3.

Neither seismogram has been analyzed in detail because
the aim of the monitoring experiment consisted exclusively
of testing whether the newly constructed fluid device could
record the rotational component of seismic waves.

Conclusion

A new design of a fluid seismometer for recording the
rotational component of seismic waves seems to be suitable
and sensitive enough for detailed investigation of rotational
effects of earthquakes in the near field. An advantage of
the proposed device is its simple and low cost construction,
making it possible to cover an investigated area with a satis-
factory number of observational points.

This article shows that there are numerous technical and
physical parameters of the individual elements of the pro-
posed seismometer that determine its sensitivity and fre-

quency response. A series of calibrations are required for
selecting an optimal combination of these parameters to sat-
isfy specific purposes of the seismometer’s use.

Additionally, it is expected that the device may serve for
detection of undesired rotational effects occurring in large
engineering works such as high buildings and slender towers
and in supporting pylons.

Data and Resources

Two seismograms used in this study were collected by
means of seismometers of the Geophysical Institute, Acad-
emy of Sciences of the Czech Republic (ASCR), Prague, and
are accessible there as well as the parameters of the tested
fluid seismometer. Parameters of rotational seismometers
R-1 and RSB20 in Table 1 were taken from the manufac-
turers’ data sheets, available from the eentec Web site (http://
www.eentec.com/, last accessed May 2008) and from the
PMD Scientific Web site (http://www.pmdsci.com/, last
accessed May 2008), respectively. Data were derived using
the MATLAB mathematical program available from the
MathWorks Web site (http://www.mathworks.com/, last ac-
cessed May 2008).
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Figure 8. Seismograms of rockbursts in the Polish copper mine in Polkowice, Silesia (19 April 2008 at 15 hr 50 min 34 sec) recorded at
the Walbrzych seismic station. The upper trace shows the record obtained by translation seismometer SM-3. At the bottom, the record by the
fluid rotational accelerometer is given.
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