Nonlinear dynamics of seismic vibrators
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AbstraceMonitoring  of the natural and technogenmic
environment iz one of the most impertant prierity directions in
the development of science and technologies, A major problem
here iz the prediction and prevention of ecological risks for the
environment cansed by the action of destructive matural and
technogenic events and processes. For this purpeze a
fundamentally new, ecologically clean, and high-resolution
method i1z active vibrational monitoring. It mmvelves trackang of
the temporal dymamdes of boundary btho:phere-atmosphers™
media in responze to the action of metrologically precize
sounding oscillations of zelsmic vibrators. The proces: of
excitation of wave field: by zuch vibraters iz accompanied by
complex physical phenomena in the source zone, which confinue
at considerable distance: from it. Theze include nonlinear
processes of interaction between the source and the medinm and
those of radiation of comjugate wave oscillations (selzmie,
acoustic, electric, and electromaznetic ones). Analyvziz of these
phenomena and estimation of their guanttative characteriztics
are of purely szcientific and practical value. In thiz paper, original
resultz of experiment: aimed at solving the above problems are
presented.

Eeoywords—active geophysical mondtoring, seismic vibrators,
nonlinear dypamies, conjugate wave fields, experimental data.

I INTRODUCTION

The problem of active monitoring of the natural
envircnment for the purpose of prediction and prevention of
ecological misks from natural and technogenic disasters is a
prority direction in the development of science and
technologies. Smce the 1980s, some powerful seismic
vibrators with a disturbing force amplitude of 40_..200 tons in
the frequency range of 1...15Hz and low-power seismic-
prospecting vibraters with a dishubing force amplitude of
10...20 tons m the frequency range of 10...100 Hz have been
developed and manufactured as mstuments for selving the
problem of active geophysical monitoring [1, 2]. The process
of radiation of seismic wave fields by such wibrators is
accompanied by a nonlinear physical phenomena in the source
zone, which confinue at considerable distances from it [3-6] .
The results of works on nonlinear dyvnamics of seismic
vibrators are in agreement with the solutions to fundamental
problems in studies of the nonlmear dymamics of the
geological medium [3, 4]. This 15 deternuned by the fact that
vibrators are instuments with gooed —metrological
characteristics, which make it possible to measure with high
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resolufion the charactenistics of nonlineanity of geodynamic
processes. In this case identification of nonlinearity effects of
the sources 1s important. In addition to a selsmo-physical field
the “wibrator-ground™ system penerates acoustic and
electromagnetic fields [7-9]. For such fields nonlinear effects
of radiation also are characteristic. This shows the significance
of investigations on the subject of the present paper.

II. PROBLEM STATEMENT

Some important factors in the mteraction of wibraters with
the medium are nonlinear character. They are determined by
the following: disconnectedness of the source and the
underlying surface, change in its rigidity parameters during
sounding sessions, out-of-phase Inferaction of individual
vibrator platform parts with the ground surface and, finally,
the construction of the source itself. Since wibrators are being
used more and more in the world, study of such phenomena is
timely.

Oscillations of a seismic vibrator m the monochromatic
radiabion mode are described by the equation

mii =R i ~k(u)u=Fsmat+PF,_. (1)

Here m is the vibrator mass. F is the exciting force of
action of the vibrator on the ground, P, = mg is the vibrator
weight, kfu) is the medium’s rigidity, R, 15 the acfive
resistance of radiation, and w is the wvibrator platform
displacement. In the case that F=P, the wvibrator radiating
platform separates from the ground. At the time of separation
the vibrator displacement u= =0. At u=0 the source is in “free
flight”. The comnectedness of the source with the medinm 13
determined by the condiion w=0. Usnally the wibrator
separates from the medim in the zone of resonance of the
“vibrator—-ground™ system, which causes the emergence of
harmonics in radiated seismic oscillations. This brought up an
idea of “anchonng” the source to the underlying medium,
providing its motion together with the oscillating platform and
mereasing “added” mass of the source. Finally, this increases
the exciting force F.

In the case of hydraulic vibrators [1], the effect of radiation
nonlineanity 1s due to nonlinear properties of the air spring
supporting the oscillating mass. Here nonlinearity manifests
itself in the fact that the air spong works as an elastic element
only i compression, which deternunes the asymmetry of the



half-waves of radiated oscillations as the liqgud column moves
dowm and up.

In the case of the nonlinear radiation mode, the total
radiation power 15 redistributed between the main radiation
frequency and harmonies:

1 B
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Here Fy, vy ,and ¢ are the exciting force, the ground
displacement speed, and the angle of phase shift between them
on the main harmomie, respectively; F,, v, and @ are the
force, speed, and the angle of phase shift at the 1-th harmonic.

The authors of the present paper have accumulated
considerable experimental material on the nonlinear dynamics
of sources of various classes with a disturbing force amplitude
of 10...100 tons and in the frequency range of 3...100 H=
Some results are presented here.
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II. RESULTS OF THE EXFERIMENTS

To smdy the nonlimeanty factors of radiation of
oscillations by seismic vibraters, we performed some
experiments on signal recording directly in the zone of four
sources. These include: the centrifugal vibrator CWV-100 (a
disturbing force amplitude of up to 100 tons in the frequency
range of 5...12 Hz), the centmfugal wibrator CV-40 (a
disturbing force amplitude of up to 40 tons in the frequency
range of 6...15 Hz), the hydroresonant vibrator HEWV-30 (a
disturbing force amplitude of up to 50 tons in the frequency
range of 1...15 Hz), and the mobile vibrator CV-10/100 (a
disturbing force amplitude of up to 10 tons in the frequency
range of up to 10...100 Hz). The type of oscillations radiated
mto the medium is descnbed by a harmonic function with
ncreasing frequency (sweep signal):

S(t)=A(t )eos(2xfit + 822 [2), (i=1.N), (@

where A1) 15 the signal envelope, f; 15 the imtial frequency of
the sweep signal, S=const 13 a coefficient determining the
frequency sweep rate in time, and N=T/Af is the number of
discrete samples of a signal with a sweep duration T and
sampling time interval Af For certain types of wibraters T 1z
given taking into account Earth’s sounding depth.

The nonlinearnity effects of radiation of seismic oscillations
were estimated using spectral-ime functions based on the
calculation of the Founer transform with respect to sweep
signals of the form (2):

N L
F(kI)=235/t,)exp(~i2mnk/N), @)
=0 |
where n,=1__ N I=1_L.

The spectral-time functions (STFs) calculated wsing
records of oscillations of the form (2) for four vibrators are
presented in Fig. 1. These are the centnfugal vibrators CV-100
and CV-40, the hydroresonant vibrator HEWV-30, and the
seismic-prospecting vibrater CWV-10/100. Oscillations were
recorded directly in the zone of radiation of the sources. Fig.
1a shows 5TFs of a CV-100 signal with a duration of 600 s in

the frequency range of 6.25...9.5 Hz, Fig. 1b — of a HEV-30
signal with a duration of 1400 s in the range of 5...7 Hz,
Fig lc — of a CV-40 signal with a duration of 2400 s in the
range of 6.23...9.57 Hz, Fig. 1d — of a CV-10/100 s1gnal with
a duration of 60 s in the range of 10.. 60 Hz. In all the cases
the STFs comespond to records along the vertical component,
Z. Tt follows from analysis of the 5TFs presented that the
effects of nonlineanty of radiation from different wibrator
types differ considerably. They are least pronounced for the
powerful vibrator CV-100, for which the level of the second
harmomnic of radiation 15 about 5%. This low level 15 achieved
owing to the above-noted anchoring of the source to the
underlying medium providing comnectedness of the source
with the medmm: w>0. Conversely, for the wibrator of the
same type, CWV-40, the presence of a subharmonic and higher
harmonics 1s clearly defined Inifially thizs wibrator was
developed as a mobile source and its anchoring to the
underlying medinm was not provided. For this reason the
condition of connectedness of the source with the medium was
not met, which results in well-defined effects of radiation
nonlmeanty. The subharmome constitutes up to 40%, the
second harmonic, up to 30%, and the third one, up to 20% of
the fimdamental harmomic. Thus, we have a clear radiation
power redistribution on harmonics. For the hydroresonant
vibrator HRWV-50 (Fig. 1b) the second harmonic is well-
defined at a level of 25% of the findamental one Here
nonlinearity is determined by the nonlineanty of the air spring,
which manifests itself as the oscillating hqud column moves
up and down. Nonlinear radiation effects are least pronounced
m the case of the CWV-10V100 vibrator. Here a part of the
radiabion power goes to second, third fourth, and fifth
harmomnies (Fig. 1d). The total power losses by harmomnics do
not excead 20%.

The radiation nonlinearity effects recerded in the vibrater zone
continue in the far zome, that is, at distances that are mmch
greater than the wavelength of seismuc oscillations. To
estimate these effects, the relationships between the levels of
vibrational seismograms cbtained by convelution at main and
second hammonics of the sounding sweep signal were
compared. Specifically, for the CV-100 wibrator main
frequencies of the sweep signal lie within 5.5 8.3 Hz, and of
second harmomnics, within 11...17 Hz.

Fig. 2 shows vibrational seismograms obtained with
mutual-correlation convelution of reference sweep sigmals
recorded at the Z-component in the above frequency ranges.
These results correspond to two distances: 20 km and 30 km.
The parameters of the seismograms are also given in Fig. 2.
The amplitudes of dominant waves in discrete ADC units are
also provided here. Peculianties of the selsmograms presented
are as follows: P-waves are highly compact and well-defined
in the zone of second harmomics. This is due to the fact that, in
comparison to S-waves, the dominant spectrum of P-waves is
concentrated in the zone of higher frequencies (in particular,
in the frequency range of second harmonics). This peculiarity
13 ohserved at the both distances, namely, at 20 km and 50 km.
In this case the contmbution of second harmonics with respect
to main constitutes about 3%.
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It should be noted that the measured levels of second
harmonics at the X- and Y-components are less than 1%.

The nonlinearity effects of radiation from the CV-40
vibrator affect the character of seismograms (vibrational
correlograms) obtained in the main (working) frequency band
of sounding (7.91...11.23 Hz), at the subharmonics (half the
working frequency band) and second harmonics (doubled
working frequency band).

The results of these correlation convolutions characterizing
vibrational seismograms for the Z-component are presented in
Figs. 3a and 3c, respectively. The seismograms were obtained
at distances from the source of 330 m...1185 m. and the
spacing between the sensors was 200 m.

It follows from the figures that the most contrasted wave
amvals are at higher harmonics, which allows increasing the
accuracy of measunng the wave amival times.

The contribution of second harmonics of sounding signals
to the levels of oscillations recorded in the near and far zones
must be taken into account in studying nonlinear effects
caused by the wave propagation medium.
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Fig. 3. Vibrational seismoprams of CV-40 vibrator, obtaned at distances of 350... 1185 m for: a) — main frequencies 7.91-11.23 Hz; b) — subbharmonics (3.95—

5.61 Hz); ¢) — second harmonics(1 5. 8222 46 Hz).

Az noted in Infroduction wibrators simmltanecusly
generate vanous types of fields: main seismic, accompanying
acoustic, electromagnetic, and electric ones. The radiation
nonlinearity effects are also typical for these fields, as for
seismic ones. The result of simultaneous recording of seismic,
acoustic, and seismomagnetic fields radiated by the HREV-30
vibrator 15 illustrated by spectrograms of the comesponding
signals recorded in monochromatic radiation modes at some
fixed frequencies.

For imstance, Fig. 3 presents the amplitude spectra of
signals from the HEV-30 vibrater, recorded in the source near
zone and of noise. The analysis was made in the frequency
range of 0._.23 Hz for the radiation mode at a main frequency
of 6.4 Hz. It follows from the analysis of the results presented
here and other results of measurements that nonlinear
phenomena associated with the appearance of second
harmonics of 12.8 Hz. can manifest themselves in all the three
types of fields.
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Fiz. 4. Amplimde specoa of sifnsls and nodse for HREWV-50 vibretor; main frequency: 6.4 He

In some cases second harmonics can have higher noise
imnmnity than main ones (Fig. 3). It 1s cansed by the
phenomenon of multipath propagation of monochromatic
oscillations to the earth and the atmosphers leading to an
interference of oscillations [10].

IV. ComcLusIons

1. In this paper, the problem of nonlinear dynamies of
seismic vibrators of different types was considered. This
problem is associated with analysis of nonlinear processes at
the stage of excitation of waves of different nature, that is,
seismic, acoustic, and electromagmetic ones.

2_ Tt has been shown that the radiation nonlineanty effects
recorded in the vibrator zone continme in the far zone, that 1s,
at distances much preater than the wavelength of seismic

oscillations. Study and consideration of these effects are of
primary importance for increasing the reliability of
interpreting experimental results in investigation of nonlinear
processes in the medium by vibrational sounding.
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