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Abstract. Field and laboratory data reveal the possibility of
a significant coupling of elastic and electromagnetic (EM)
fields that affect (hamper or initiate) slip. In this work we try
to prove experimentally the possibility of controlling the slip
regime by relatively weak mechanical or EM impact, in the
way it has been done in nonlinear dynamic experiments on
the control of chaos. The experimental setup consisted of a
system of two plates of roughly finished basalt, where a con-
stant pulling force was applied to the upper (sliding) plate.
In addition, the same plate was subjected to mechanical or
electric periodic perturbations, which are much weaker when
compared to the pulling force. Quite different regimes of slip
were excited depending on the amplitude and the frequency
of applied weak perturbations. The observed regimes of slip
vary from perfect synchronization of slip events, recorded
as acoustic emission bursts with the perturbing periodic me-
chanical or EM impact, to their complete desynchronization.
We consider the obtained results as evidence that it is pos-
sible to control slip by the application of weak periodic per-
turbations. The phenomenon can be explained in terms of
nonlinear dynamics and synchronization theory.

1 Introduction

It has been claimed recently (Tarasov et al., 1999) that strong
electromagnetic (EM) discharges using both magnetohydro-
dynamic (MHD) and “cold” sources, realized by the Moscow
Institute of High Temperatures (IVTAN) at Bishkek’s test
area (Central Asia), can change the seismic regime in the
region. The nonlinear analysis of the inter-event (waiting)
time sequences in the regional seismological catalogue of the
Bishkek area, carried out by several qualitative and quanti-
tative methods, reveals the clear evidence of changing the
seismic regime of the region during the period of EM dis-
charge experiments at least in the timing of seismic events:
the waiting times of earthquakes are much more regular in
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this period compared to the periods before and after the tests
(Chelidze and Matcharashvili, 2003). The laboratory experi-
ments, where strong EM pulses were applied to the mechani-
cal system driven close to the critical state, show that the EM
impact can either initiate or hamper instability (here, slip)
occurrence, depending on the mutual orientation of the slip
surface and electrical field (Chelidze et al., 2002).

All of these observations imply that the EM field can sig-
nificantly affect and even control the mechanical stability of
systems that are close to the critical state. Therefore, it seems
important to confirm by laboratory experiments the possibil-
ity of EM control of mechanical behavior of systems that
mimic large-scale fault dynamics, namely the systems mani-
festing a stick-slip effect. The present paper deals with the re-
sults of experiments with the spring-slider system subjected
to a constant pull, with weak mechanical or EM periodic
forces superimposed on it.

2 Experimental setup

The mechanical part of the experimental system consisted
of supporting (fixed) and sliding plates of roughly finished
basalt samples; the average height of surface asperities was
0.1–0.2 mm. The sliding block was driven with a constant
velocity Vd by a motor with reducers. It was possible to
change the drag velocity from 0.5 to 7 mm/s. A dynamometer
was attached to the sliding sample. The stiffness of pulling
spring Ks was either 150 N/m or 1000 N/m. The pulling
force Fp varied from 3.5 to 15.0 N. The coefficient of fric-
tion for basalt, measured by inclined plane tests, was 0.47
(Chelidze et al., 2002). The static friction resistance force
was in the range of 5–15 N and in dynamic conditions the
force was< 1 N.

The acoustic emissions (AE) accompanying the elemen-
tary slip events were recorded on a PC sound card. The sen-
sor for the AE was lead circonate-titanate with a natural fre-
quency of 100 KHz.
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(a)

(b)

Fig. 1. Acoustic emission during slip without periodical impact:
(a) the whole recording;(b) part of the recording with an expanded
time axis. Values were for a stiff spring (Ks = 1000 N), pulling
force Fp = 3.5 N, and normal (nominal) stressσn = 2 kPa. The
mean velocity of dragVd in this and the following experiments was
0.25± 0.05 cm/s. They-axis on all the figures shows the amplitude
of signal in dB. The upper trace shows the acoustic emission during
stick-slip; the lower trace records the superimposed periodic exci-
tation, which in this case is absent. On the time axis the first two
positions correspond to hours, the next two to minutes and the last
numbers are for seconds and milliseconds from the beginning of the
experiment. All experiments were performed on basalt samples.

Weak periodic mechanical or electrical perturbations were
superimposed on the system, in order to find the conditions
that allow for control of the slip. For electrical impact the
standard sound generator and a system of transformers were
used (frequencies varied from 25 to 100 Hz and the voltage
from 100 to 1100 V). The electrical field, applied by foil elec-
trodes glued to the external facets of samples, was either nor-
mal to the slip surface or parallel to it.

The superimposed periodic mechanical oscillations were

(a)

(b)

Fig. 2. Control of slip process by the weak periodic mechanical im-
pact: (a) the whole recording and(b) part of the recording with the
synchronization interval expanded. The upper trace is the acous-
tic emission during slip and the lower trace the periodic impact,
f = 50 Hz. Values were for a stiff spring (Ks = 1000 N), pulling
force Fp = 8.5 N, and normal (nominal) stressσn = 2 kPa. The
weak perturbation was applied simultaneously with the pull. Syn-
chronization appears 4.2 s after the beginning of the experiment.
Synchronization periods last 5–10 s and alternate with nonsynchro-
nized intervals.

generated by a periodic voltage applied to the magneto-
electric system, a small size seismograph sensor which was
attached to the front of the sliding sample. The maximal am-
plitude of oscillation of the sensor’s inertial mass was around
2 mm and the natural frequency 20 Hz. The periodic mechan-
ical force was directed parallel to the slip surface, with its
amplitude on the order of 0.1 N at 20 Hz (0.5 N at 50 Hz),
much less than the dragging force (5–15 N). The temperature
during the experiments was 25± 3◦C and the atmospheric
humidity 60± 10%.
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(a)

(b)

Fig. 3. Slip process with the superimposed EM periodic impact,
Va = 300 V,f = 80 Hz,Ks = 150 N,Fp = 8.5 N, σn = 3 kPa.
(a) The whole recording and(b) part of the recording expanded.
The synchronization effect is absent at this frequency. In this and
following experiments the EM excitation was applied simultane-
ously with a pull.

3 Experimental results

In our experiments the following parameters were varied:

(i) The stiffness of the spring,Ks ;

(ii) The frequency,f , of the superimposed periodical per-
turbation;

(iii) The amplitude of the excitation (applied voltageVa);

(iv) The direction of the applied electrical field; (v) the ve-
locity of drag,Vd ; (vi) the normal (nominal) stressσn.

Seven cases were studied, and are described in each of the
following sections.

- Case 1: Pulling of the sliding sample without any ad-
ditional impact. These experiments were done in order
to study the background behavior of the system during

(a)

(b)

Fig. 4. Control of slip by the EM periodic impact.Va = 500 V,
f = 80 Hz,Ks = 150 N,Fp = 8.5 N, σn = 3 kPa.(a) The whole
recording and(b) part of the recording expanded. The synchroniza-
tion effect appears 8.5 s after the beginning of the experiment.

the conventional stick-slip. The results are presented in
Fig. 1a, b. Here and in other figures, thex-axis corre-
sponds to time and they-axis to the amplitude of the
signal in dB. It is evident that under these conditions
AE events do not manifest any visible periodicity at the
time scale of several milliseconds.

- Case 2: Applying EM and mechanical periodical per-
turbations to the system of supporting and upper sam-
ples in static conditions (no pulling). The experiments
were made in order to assess the background noises.

- Case 3:The slip process with an additional weak (0.1–
0.5 N) mechanical periodic force. A typical case is
shown in Figs. 2a, b. The upper trace corresponds to
AE signals generated by elementary slip events and the
lower one to the superimposed periodic mechanical per-
turbation. On the large (compressed) time scale (Fig. 2a,
upper trace) it is impossible to see any periodicity in the
AE recording. However, after stretching the time axis,
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(a) (b)

(c) (d)

Fig. 5. Control of slip by EM periodic impact.Va = 1000 V,f = 80 Hz,Ks = 150 N,Fp = 8.5 N, σn = 3 kPa.(a) The whole recording;
(b) part of the recording with the onset of weak synchronization expanded;(c) part of the recording with well developed synchronization
expanded;(d) the same part at the larger expansion of the time axis. The dominant frequency of oscillations during the acoustic burst is
12 kHz. The evolution of the synchronization process was as follows: weak synchronization, like in Fig. 5b, appears immediately after the
application of the periodic impact, then pronounced synchronization begins after 18.2 s and finally, a very strong one, like in Fig. 5c begins
after 22 s and lasts until the end of the slip.

we see that the periodic perturbation imposes on the slip
a clear periodicity within slip-generated AE packages:
acoustic events, generated by elementary slip events,
begin at the definite phase of the periodic impact, i.e.
soon after passing the zero value at the increasing am-
plitude of sinusoid, that is once per period. The maxima
of the AE packages coincide exactly with the maxima
of the perturbing force (Fig. 2b). In some cases, only
partial synchronization was observed with only part of
the maxima on the AE channel coinciding with the par-
ticular phase of the superimposed periodic impact.

- Case 4: Slip with a superimposed periodic EM field,
oriented normally to the slip surface. Figures 3–5 show
the response of slip to the low-frequency EM perturba-
tion (f = 80 Hz) at applied voltagesVa , respectively,
300, 500 and 1050 V. It is evident that the significant
synchronization at this frequency occurs atVa = 500 V.
The minimal voltage, under which the synchronization

was still observable in some parts of the recording, is
300 V at a frequency of 40 Hz. At smaller voltages slip
is not correlated with the excitation phase. The phases
of correlation under EM excitation differ from the regu-
larity observed under mechanical impact: in the former
case, the AE events (microslips) occur twice per period,
soon after the beginning of both decreasing and increas-
ing phases of oscillation. The maxima of AE coincide
exactly with extreme points of oscillation. At higher fre-
quencies the synchronization effect is less pronounced.

- Case 5: Synchronization was observed only at some
definite values of the set of parameters (Vd , Ks, f, Va).
These values are presented in the figure captions. Our
goal was to prove the possibility of a nonlinear control
of slip. A compilation of the full phase diagram delin-
eating the control-sensitive area for all involved param-
eters is outside the scope of this paper.
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- Case 6: The phenomenon of synchronization was ob-
served only with the EM field directed normally to the
slip surface. When the EM field was applied to the ver-
tical sides of the slipping block, that is, roughly parallel
to the slip plane, we were not able to observe the effect
of synchronization.

- Case 7: The dominant frequencies, filling individual
AE bursts, are in the range of 10–20 kHz, no matter
whether the experiment is carried out with or without
the superimposed mechanical/EM periodic excitation.
These frequencies are much larger than the average fre-
quency of slip events and should be related to the slip
surface characteristics (Fig. 5d).

- Case 8:Moistening of the slip surface by damp blotting
paper does not affect the “mechanical” synchronization,
but it practically kills the “electromagnetic” synchro-
nization effect in our conditions that is in the “open”
system. “Open” here implies that the gap between the
samples is not sealed and has good contact with the at-
mosphere.

4 Discussion

It is well known that the slider-spring system displays stick-
slip behavior described by nonlinear equations (Dietrich,
1979; Ruina, 1983; Rice and Gu, 1983; Sobolev et al., 1993):

τ = σn [µ0 + 2 + A ln (Vd/Vc)] (1)

2̇ = (−Vd/dc) [2 + B ln (Vd/Vc)] , (2)

whereτ is the friction stress,σn is the normal stress,2 is the
surface state parameter,µ0 is a nominal (constant) value of
friction, dc is the dimension of asperity,Vd is the slip speed,
V0 is the initial value ofVd , andA andB are constants. Both
theoretical solutions and experiments demonstrate the pos-
sibility of very different behaviors of the system depending
on the conditions of the test. It has also been shown that at
the critical value of spring stiffness the friction stress may
undergo oscillations that are close to periodic.

Theoretical analysis of a single slider model with a two
state-variable rate and state dependent friction shows that
such a system is deterministically chaotic and that the road
to chaos follows the universal period doubling route (Becker,
2000).

On the other hand, it has been shown (Ott et al., 1990; Bo-
caletti et al., 2000) that it is possible to control the behavior
of chaotic systems using a very small feedback impact. The
problem is that the attractor of a chaotic system contains an
infinite number of unstable periodic orbits. Given such an
attractor, one can choose some of the low-period orbits (or
steady states) embedded in the attractor and use a feedback
perturbation of an accessible parameterP of the system, in
order to stabilize the chosen orbit and thus improve the per-
formance of the system; for example, converting the chaotic
behavior in a periodic process. The extreme sensitivity of

chaotic systems to the external impact allows for control of
the dynamic state of the physical object by using a very small
perturbation. It is important that for the parametric control
it is not necessary to know the mathematical equations de-
scribing the dynamics of the system; it is enough to have
experimental time series, measured for some variablez(t),
defining a vectorX, by using the delay coordinate method
(Takens,1981). The experimental control of chaos was first
successfully realized by Ditto et al. (1990) using parametri-
cally driven magneto-elastic ribbons. This was followed by
many others applying chaos to mechanical, electronic, bio-
logical and chemical systems (see Ott et al., 1994).

In natural systems, due to their heterogeneity and strong
interactions between components, the situation is more com-
plicated than in simple theoretical models. However, that
does not exclude the possibility of the appearance of nonlin-
ear structures even in these complex systems. There is clear
evidence that not only low dimensional chaos is prone to con-
trol, but also high-dimensional chaotic processes, such as the
driven double pendulum, can be successfully controlled (Bo-
caletti et al., 2000).

There are different stabilization and control techniques for
chaotic dynamics. The main strategies are the closed loop
or feedback methods that has been described above (Ditto et
al., 1990), and the open loop or nonfeedback methods (Bo-
caletti et al., 2000). The second class of methods is based
on the application of external perturbation, in order to affect
the evolution of the system. Both periodic and stochastic ex-
citations produce changes in the nonlinear behavior of the
system; this makes it possible to drive the system to stabi-
lization at some periodic orbit just by varying parameters of
the external impact. The drawback of this largely empirical
approach is that unlike the targeted feedback method, it is
not goal oriented, i.e. the operator cannot predict theoreti-
cally the final periodic state without preliminary learning the
system’s response to variations in parameter space.

As we did not know in detail the behavior of the real slider
system (we did not even know whether the dynamics were
chaotic or not), we used the nonfeedback method of stabi-
lization. Namely, we imposed periodicity on the continuous
component of fieldA0 by the application of a control signal
of some frequencyω and amplitudeδA. The summary signal
then is:

A = A0 + δA cos(ωt) . (3)

Scanning the frequency and amplitude space at the fixed drag
velocity and spring stiffness allows for the detection of suit-
able parameters that lead to the mode-locking or stabilization
of some unstable orbit embedded in the nonlinear structure.

An alternative mathematical formalism for the explanation
of the control phenomenon is provided by synchronization
theory (Blekhman, 1971; Lursmanashvili et al., 1987), de-
veloped in radio engineering. The crux of this approach is
using the existence of some critical parameter in the system
that causes its relaxation. Then a small periodic impact can
synchronize the relaxation of the whole system with the pe-
riod of impact, if some force regularly drives the system close
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Fig. 6. The simplest synchronization model of the relaxation pro-
cess.Uc is the critical value of intensityU , when the rising intensity
Ur drops to its initial value (hereUr = 0); the natural relaxation
time of the process isT0. If the sinusoidal impact of the intensity
a sin(ωt + ϕ) is superimposed onUr , the condition of the instant
drop of intensityUr became:Ur = Uc − a sin(ωt + ϕ) and the pe-
riod of synchronized oscillations becameTs . In Fig. 6 the amplitude
of superimposed sinusoid is exaggerated.

to the critical state. Let us consider some relaxation pro-
cess in which the intensityUr (it can be related to voltage,
stress, etc.) builds up slowly to some critical valueUc; when
Ur = Uc, the intensity drops instantly to some initial value.
Then the application of the synchronizing pulses of the rel-
atively small amplitudeUs and of very short duration may
impose coherency of these drops with the timing of pulses,
as now the condition of criticality is

Ur + Us = Uc (4)

or, in the case of sinusoidal impact,

Ur + a sin(ωt + ϕ) = Uc , (5)

whereω, a andϕ are, accordingly, the angular frequency,
phase and amplitude of the periodic impact. This means that
the intensity drops occur (Fig. 6) when the increasing value
of Ur is equal toUc − a sin(ωt + ϕ). It has been shown
(Blekhman, 1971) that synchronization may appear at even
weak coupling between objects that have significantly differ-
ent characteristic frequencies, implying nonlinear interaction
of objects.

What is the physical mechanism leading to synchroniza-
tion? In the case of mechanical excitation, synchronization
is connected with mechanical triggering of microslips in the
system that is close to the critical state, and thus reveals sen-
sitive dependence on (small) external perturbation. The trig-
gering occurs once per period.

As we noted earlier, under EM excitation microslips oc-
cur twice per period. We assume that EM synchronization
is connected with the polarization of surfaces of fixed and
sliding samples. As the polarization forces arise at both po-
larities of the applied periodic field, it seems reasonable that
the synchronization follows each reversal of the EM field.

The role of the EM field direction can be explained as fol-
lows. According to our earlier experiments, with the EM im-
pact applied to the system of inclined support-sliding block,
the slip is initiated by a strong EM pulse with some finite
probability at the slope, less than critical only when the EM
field is directed parallel to the slip surface. When the field is
normal to the slip plane, the upper block remains stable even
at the slope of support, larger than critical; this means that in

the latter case the EM field “glues” the surfaces and hampers
the slip (Chelidze et al., 2002).

In principle, the external electrical field can affect the
inter-surface adhesion (friction) forces, changing surface
force balances and thus initiating/blocking the slip of the
body. Taking this effect into account, we can rewrite the
well-known expression for friction forceFf as follows:

Ff = µ(Fn + Fp) , (6)

whereµ is the friction coefficient andFp is the increment
(decrement) of the normal component of forceFn due to the
application of the EM field.

It is well known that the application of the EM field to the
dielectric invokes some forces acting upon molecules of the
body. Their resultant is called the ponderomotive forceFp

and it affects the whole sample. The force is proportional to
the gradient of the field intensity squared and it carries away
the sample in the direction of the largest intensity. Assuming
that the sample of the dielectric constantε is surrounded by
an immobile dielectric medium in the CGS system, then the
tension tensorTn operating on the element of the dielectric’s
surface in the EM field of intensityE is (Tamm, 1966):

Tnp = ±
ε ±

∂ε
∂δ

δ

8π
E2n . (7)

Here, the(+) sign corresponds to the case when the fieldE

is parallel ton the external normal to the considered surface
element. The(−) sign corresponds to the case when the field
E is normal ton. We define the former case as the first mode
of excitation and the latter as the second mode of excitation.

For a physical interpretation of Eq. (7) we can imagine
that the elastic strings are stretched along field lines (Tamm,
1966). In our case they pull together the surfaces of sliding
and supporting samples when the sign in Eq. (7) is(+) and
build the side thrust on each other when the sign is(−).

Equations (6) and (7) can be simplified if the dielec-
tric increment due to the striction force is negligible, i.e.
(∂ε/∂δ → 0). Introducing the area of the dielectric surfaceS

and taking into account the above assumption, the pondero-
motive force is:

Fp = ±
ε

8π
E2n = ±

εS

8π

(
1V

d

)2

n , (8)

where1V is the applied voltage andd is the distance be-
tween the electrodes. The sign depends on the mutual orien-
tation of dielectric surface and the electrical field.

In order to assess the forces acting in the narrow gap be-
tween the slipping and supporting samples, it is necessary to
consider the gradient(1V/d) in the gap between the sam-
ples where its value is maximum due to the high resistivity
of air. Since the opening of the gap varies due to asperities,
we can introduce some effective values of openingdeff and
voltage in the gapVeff. Then, applying Eq. (8) to the gap area
we obtain the ponderomotive forcevecFpi acting on the gap
surfaces:

Fpi = ±
εeffS

8π

(
1Veff

deff

)2

n , (9)
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whereVeff/deff is the effective voltage gradient in the gap.
The effective dielectric constant of the gap,εeff, is between
values ofε for the air and the sample, 1< ε < 5.

Thus, Eq. (6) can be rewritten, taking into account Eq. (9)
as:

Ff = µ(Fn + Fpi) , (10)

which is similar to the expression for the friction force with
the pore pressure term (Sibson, 1994).

Assumingεeff = 2.5 andS = 100 cm2, we substitute into
Eq. (9) the gradient(1Veff/deff) = 0.07 V/cm. We do this in
order to obtain the experimental values of the EM (pondero-
motive) force that initiate slip of the basalt sample on the
inclined basalt support at a slope slightly less than critical,
namelyFp ≈ 0.2 N (Chelidze et al., 2002). Initiating slip at
the same slope, using a mechanical pull, applied through a
dynamometer, the calibration of the EM slip-initiating force
is performed.

The above value ofFpi is of the same order of magni-
tude of ponderomotive force that promotes the slip in the first
mode and hampers it in the second mode, according to the ex-
pression in Eq. (10) for the accepted set of parameters. The
same order was obtained for the mechanical equivalent of the
EM force in the present experiments: control of slip appears
at the application of AC voltage, (approximately) 300 V at
EM excitation or at the application of mechanical periodic
force (approximately) of amplitude 0.1–0.5 N. The low fre-
quency of periodic excitations in our experiments justifies the
application of the above static treatment and in particular, us-
ing Eq. (9) for the physical interpretation of the EM control
of slip.

In general, the elastic systems manifest unstable frictional
slip under the condition of reduction of the friction force
during some phase of sliding; this property is called slip-
weakening. Our guess is that in our experiments the unsta-
ble sliding regime (slip-weakening) is imposed by the pulling
force, but the synchronization of microslips by periodic elec-
tric force, applied in the first mode, gives the system the
(periodic) negative feedback, causing transient intervals of
slip-hardening. Overcoming these periodic “electromagnetic
asperities” by the mechanical pull causes synchronous mi-
croslips (acoustic bursts). The EM field, applied in the sec-
ond mode, i.e. parallel to the slip surface, does not cause slip-
hardening and consequently, results in synchronization.

As mentioned earlier, making the slip surface damp with
blotting paper did not affect the “mechanical” synchroniza-
tion, but it strongly reduced or killed the electromagnetic
synchronization effect in our conditions, when the slip sur-
face had a free access to the atmosphere. This can be ex-
plained in terms of Eq. (9) as a result of a decrease in voltage
gradient in the gap between fixed and slipping samples due
to the high conductivity of the filling fluid. It cannot be ex-
cluded that in confined systems, i.e. when the gap is sealed
and pore pressure on the slip surface can be controlled, elec-
trokinetic and other processes in the gap can provoke the EM
synchronization effect.

The results obtained confirm in principle the possibility
of controlling the regime of the natural seismicity at least
in the temporal domain by relatively weak artificial (strong
EM pulses) or natural (magnetic storms, tides) excitations.
For example, there are reliable experimental data on the
strong synchronization of microtremors in volcanic areas
with Earth’s tides (Custodio, 2002). It is also shown by statis-
tical methods that magnetic storms with sudden commence-
ment and strong artificial EM discharges may affect the seis-
mic regime (Zakrzhevskaya and Sobolev, 2002; Chelidze and
Matcharashvili, 2003).

5 Conclusions

Experiments on the spring-slider system (fixed and slid-
ing basalt samples), subjected to a constant pull and su-
perimposed with weak mechanical or EM periodic forces
in a dry environment, show that at definite conditions the
system manifests synchronization of microslip events with
weak excitation. The regimes of slip vary from the perfect
synchronization of slip events (acoustic emission) with the
perturbing periodic mechanical or EM impact, to the com-
plete desynchronization of microslip events and perturba-
tions. The phenomenon can be explained in terms of non-
linear dynamics and synchronization theory.

We conclude that our laboratory experiments give a sound
principal basis for the interpretation of the field data on the
control of seismic regime by relatively weak natural or artifi-
cial perturbations; of course, in the Earth’s crust, the detailed
physical mechanisms of coupling between tectonic forces
and superimposed perturbations may be different.
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