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Abstract Recently published results of field and labora-

tory experiments on the seismic/acoustic response to

injection of direct current (DC) pulses into the Earth crust

or stressed rock samples raised a question on a possibility

of electrical earthquake triggering. A physical mechanism

of the considered phenomenon is not clear yet in view of

the very low current density (10-7–10-8 A/m2) generated

by the pulsed power systems at the epicenter depth

(5–10 km) of local earthquakes occurred just after the

current injection. The paper describes results of laboratory

‘‘earthquake’’ triggering by DC pulses under conditions of

a spring-block model simulated the seismogenic fault. It is

experimentally shown that the electric triggering of the

laboratory ‘‘earthquake’’ (sharp slip of a movable block of

the spring-block system) is possible only within a range of

subcritical state of the system, when the shear stress

between the movable and fixed blocks obtains 0.98–0.99 of

its critical value. The threshold of electric triggering action

is about 20 A/m2 that is 7–8 orders of magnitude higher

than estimated electric current density for Bishkek test site

(Northern Tien Shan, Kirghizia) where the seismic

response to the man-made electric action was observed. In

this connection, the electric triggering phenomena may be

explained by contraction of electric current in the narrow

conductive areas of the faults and the corresponding

increase in current density or by involving the secondary

triggering mechanisms like electromagnetic stimulation of

conductive fluid migration into the fault area resulted in

decrease in the fault strength properties.
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1 Introduction

In the middle of 1990s, a statistically significant impact of

electrical pulses of direct current (DC) current injected into

the Earth crust through the grounded dipole on the spatial

and temporal distribution of local weak seismicity of Pamir

(Tarasov 1997) and Northern Tien Shan (Tarasov et al.

2000) regions has been discovered. The grounded electrical

dipole of about 4 km length was supplied by single elec-

trical pulses of DC current of 1.5–2.5 kA, voltage of 1 kV

and duration of 2.5–10.0 s from geophysical magneto-hy-

drodynamic (MHD) generator used for deep electromag-

netic (EM) sounding of the earth crust for monitoring of the

crust stress state and search of EM earthquake precursors.

It was statistically found that after injection of electric

current into the earth crust the number of weak earthquakes

(mb\ 3.0) was increased by several times with a time

delay of 1–2 days, and then, within 5–7 days, was returned

to the previous background level. A hypothesis on a trig-

gering action of electrical pulses has been proposed
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(Zeigarnik et al. 1999). Laboratory experiments carried out

to date with application of various press equipment and

samples of geomaterials under stress-strain state demon-

strated a modulation of acoustic emission by electric cur-

rent pulses applied to the sample (Sobolev and Ponomarev

2003; Bogomolov et al. 2004; Avagimov et al. 2006). It

was shown that a response of acoustic emission to electric

action characterized crack formations in the sample rises as

the sample loading and maximally appears at the stress

level of 0.95–0.99 of breaking stress of the material

(Sobolev and Ponomarev 2003). The effect of modulation

of geoacoustic emission by external actions is well known,

e.g., under impact of lunar-solar earth tides (Gordeev et al.

1996). Nevertheless, a response of acoustic emission to the

external action does not mean that it can unambiguously

result in the macro-event (earthquake or failure of tested

rock sample) triggering (Beeler and Lockner 2003). A

purpose of the presented study is an experimental deter-

mination of conditions for laboratory ‘‘earthquake’’ trig-

gering by a pulse of electric current, as well as a triggering

potential/threshold of the electrical impact.

2 Experimental method

In contrast to previous experiments with specialized press

equipment (Sobolev and Ponomarev 2003; Bogomolov

et al. 2004; Avagimov et al. 2006), when a response of

acoustic emission to electrical action on the tested sample

was studied, the presented research employs a spring-block

facility (Fig. 1) based on a model of earthquake as an

unstable sliding with friction on a contact of rock blocks

(Brace and Byerlee 1966). This facility allows to study not

only behavior of acoustic emission (formation of cracks)

under electrical actions, but also a possibility of triggering

the macro-event-sharp sliding of the movable block (item 1

in Fig. 1) called as laboratory ‘‘earthquake’’. The spring-

block tribological facility (Fig. 1), where an interface

between the movable block (1) and the fixed block (2)

represents the contact of fault edges, simulates a seismic

cycle: accumulation and release of shear stresses in the

fault. The contact area between the fixed and movable

blocks where the shear stresses are accumulated is filled by

granulated material: the fault gouge (3), which simulates

dispersed rocks occurred during the crashing the fault

edges. The vertical load of the movable block (1) provides

a normal pressure in the contact area between the blocks.

The electromechanical drive (5) provides slow loading of

the spring (4) connected with the movable block (1) with

0.13 lm/s linear velocity. When the shear stress in the

contact area reaches its critical value, the contact fails and

sharp slip of the movable block occurs. The detailed

description of the spring-block facility and diagnostic

equipment can be found in Kocharyan and Novikov (2016),

Kocharyan et al. (2017). This facility employs the system

of electrical action on the fault area, which provides a

simulation of electric current through the fault for a study

of its possible triggering impact on the seismic process.

For the presented tests, a movable block of

227 9 112 mm 9 53 mm and a fixed block of 800,

500 mm 9 80 mm were manufactured from concrete of

1974 kg/m3 density. The copper plate electrodes (Fig. 1,

item 11) for electric current injection into the simulated

fault gouge were imbedded flush on the bottom surface of

the movable block. For simulation of electric resistivity of

the fault gouge under natural conditions, the gouge gran-

ular material and the blocks were water-saturated. For the

simulated fault gouge, the wet quartz sand with grain sizes

of 0.2–0.5 mm and electric conductivity of 3.75 S was

used. The gouge thickness after compaction of quartz sand

Fig. 1 Functional diagram of the spring-block facility with a system of electric pulses injection into contact area between the movable and fixed

blocks. 1 Movable block, 2 fixed block, 3 contact area gouge (granulated material), 4 spring, 5 electromechanical drive, 6 normal load of the

contact area, 7 motion transducer of the movable block, 8 shear force transducer of the movable block, 9 sensor of high-frequency acoustic

emission, 10 sensor of low-frequency acoustic emission, 11 electrodes embedded into the bottom part of the movable block, 12 DC current

source
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during the preliminary test was *1.1 mm. Electric con-

ductivity of the wet concrete blocks was much less (1.2 9

10-3 S) and can be neglected when calculating the current

density in the granulated gouge layer. The normal load of

the contact area was 113.76 kgf that provided the normal

stress of 0.45 kgf/cm2 in the granulated gouge. The stiff-

ness of calibrated spring was 1.7 kgf/mm. At the first stage

of the tests, the conditions were determined for provision of

regular seismic cycles: ‘‘stick-slip’’ mode (slow accumu-

lation and sharp release of shear stress in the contact area).

When the shear force reached a critical value Fmax, a sharp

slip of the movable block occurs. A series of ten regular

slips was performed, and the average critical shear force

was estimated as Fmax = 31:5þ0:13
�0:31 kgf. At the second stage

of the tests, the spring-block system by slow spring loading

was driven into subcritical state where the shear force

reached a value of 0.95–0.98 Fmax. After that, the elec-

tromechanical drive of the spring-block system was swit-

ched off for the period of a few seconds when the system

state was monitored by the measured intensity of acoustic

emission. Then, when the acoustic emission obtained the

steady-state value, an electric action to the contact area was

provided by DC electrical pulses from the pulse generator

AHP-1120 with rectangular pulse frequency of 200 Hz.

The DC pulse amplitude was varied in a range of 1–7 mA.

The following parameters of the test system were recorded:

spring force (UMMA-K100 transducer), block movement

(sensor CTE-3000), high-frequency acoustic emission (AE)

(sensor PAE PG20-200; frequency range of 20–200 kHz),

low-frequency AE (sensor AP57, frequency range of 1 Hz–

2 kHz), electric current (DC current recorder embedded

into the power amplifier). The analog signals from the

sensors and transducers were transmitted to analog-digital

converter USB-3000 with the following processing of

digital data by PowerGraph� software package.

3 Experimental results

After preliminary drawing of the movable block and

compaction of the gouge between the blocks, two series of

tests were conducted: the first series of tests without elec-

tric current (observation of ten regular slips for determi-

nation of critical shear force Fmax) and the second series of

tests with electric current injection into the simulated fault

(80 tests) for different subcritical state of the system (shear

force Ftest = 0.95-0.99 Fmax) and different electric current

of 1–7 mA. The test conditions are summarized in Table 1.

Parameters of the typical slip in the test without electric

action to the contact area are shown in Fig. 2. The spring

force F continuously rises up to the block slip occurrence at

Fmax = 31.85 kgf. After the block slip, the spring force

drops to Fmin = 28.87 kgf, and the block displacement is

DS = 3.5 mm. Just 2.86 s before the slip AE amplitude

and intensity started increasing (see AE HF sensor reading,

Fig. 2), the movement sensor recorded the block microslip,

and the spring-block system passed into an unstable state.

AE rose to the maximal values at Fmax, and after the failure

and stop of the movable block, it returned to the back-

ground values.

An example of triggering the block slip by electric

impact is shown in Fig. 3. The tests with electric action

were performed in four stages. At the first stage, the spring

force raised up to 0.987 Fmax, after that the electrome-

chanical drive was switched off, and the second stage

(pause in the block loading) was started with duration of

15.4 s. At the third test stage, the electric action on the

contact area between movable and fixed blocks was per-

formed (drive was still switched off). During the electric

action stage, DC current was injected into the block

interface via electrodes and the wet fault gouge during 15 s

(Fig. 2). Depending on the amplitude of DC pulses, the slip

was not triggered or triggered with some time delay. It

should be noted that after beginning of the electric action a

rise of AE and a drop of F from 31.52 to 31.46 kgf were

observed before occurrence of the slip triggering. In so

doing, when the electric current is supplied into the block

interface, some small relaxation of shear stress occurs, that

transfers an avalanche-like AE rise into sharp slip of the

block (laboratory ‘‘earthquake’’). The DC pulse amplitude

was varied from 1 to 7 mA (Table 1), and the slip trig-

gering was observed at DC value over 5 mA, which may be

considered as the threshold value of electric action. It

should be noted that the slip triggering does not occur when

the electric action is performed at the shear force less than

0.98. In this case, AE gradually decreases and obtains the

background level without the block slip. An increase in

duration of electrical action even to 55 s does not initiate

the slip. The slip occurrence and its duration are considered

as the fourth stage of the test. The slip duration was similar

to slip without electrical action (0.39–0.55 s). Considering

the gouge cross-sectional area (227 9 2 mm2) between

electrodes and current losses DI due to current spreading

through the gouge before and after the movable block

(DI = 1.65%: experimental value), the threshold current

density for laboratory ‘‘earthquake’’ triggering can be esti-

mated. Keeping in mind electrical conductivity of the wet

gouge material (3.75 S) and concrete used for the blocks

(1.2 9 10-3 S), the current losses in the concrete blocksmay

be neglected. In our case, the threshold current density is

5 mA (minimal current for slip triggering) 9 0.9835 (cur-

rent losses)/(227 9 1.1 mm2) = 19.7 A/m2.
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4 Discussion

The above-described laboratory experiments demonstrate a

possibility of direct triggering of seismic event by pulses of

DC current, which is injected along the fault area. Here, the

triggering of fault failure by electrical action is possible

only in the subcritical shear stress range, when the accu-

mulated shear stresses are 0.98–0.99 of critical value cor-

responded to occurrence of sharp slip (laboratory

‘‘earthquake’’). It should be noted that the threshold DC

current density, which provides the seismic event trigger-

ing, is about 20 A/m2 that exceeds approximately by 7–8

orders the current density at the depth of earthquake source

(5–10 km) calculated for Bishkek test site, when a response

of regional seismicity on the pulses of DC current injected

into the Earth crust through the grounded electric dipole

supplied by pulsed MHD generator is analyzed. In spite of

clear evidence of spatiotemporal redistribution of the local

seismicity after electrical processing of the Earth crust by

different electric power sources provided DC current in

emitting dipole of 600–2500 kA, the mechanism of such

response of stressed rocks to weak electrical impact is

unknown. For both field and laboratory experiments, when

the electric action duration is of 10 s order, the Joule

heating of the medium, even for current density of 20

A/m2, is negligible low, and cannot be considered as a

reason of decrease in efficient strength of rocks in the fault

due to the increase in fluid pore pressure provided by

electrical heating.

Table 1 Number of slips for tests without and with electric current injection into the simulated fault

Electric current (mA) Fmax (kgf) Shear force Ftest (kgf) for electric current injection

31.5-0.31
?0.13 29.93 (0.95 Fmax) 30.56 (0.97F max) 30.87 (0.98 Fmax) 31.19 (0.99 Fmax)

0.0 10 – – – –

1.0 – 5* 5* 5* 5*

3.0 – 5* 5* 5* 5*

5.0 – 5* 4*/1** 2*/3** 5**

7.0 – 5* 3*/2** 5** 5**

* Number of tests without slip triggering by electric current

** Number of tests with slip triggered by electric current

Fig. 2 Variation of parameters of the spring-block facility during

preparation and occurrence of sharp slip of the movable block over

the fixed block (laboratory ‘‘earthquake’’) without electric action on

the contact area. 1 shear force of the movable block, 2 movable block

displacement, 3 high-frequency acoustic emission

Fig. 3 Variation of parameters of the spring-block facility during

preparation and triggering of sharp slip of the movable block by

electrical action (electrically triggered laboratory ‘‘earthquake’’). 1

shear force of the movable block, 2 movable block displacement, 3

high-frequency acoustic emission, 4 voltage of electric action (EA)
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When the other mechanisms are considered, e.g., gen-

eration of double electric layers in the medium as a result

of external electric action, which may develop additional

stresses in the rock massif (Zeigarnik et al. 1999), the

following should be taken into account. An analysis of field

observations of dynamic earthquake trigging (Gomberg

et al. 1998) shows that the triggering threshold of dynam-

ical triggering from the distant strong earthquakes is on the

level of *0.1% of lithostatic pressure in the earthquake

source. Therefore, an additional triggering force created by

some external physical action should perform some

mechanical work Amech for compression of 1 m3 of rock,

which may be estimated as follows:

Amech = DF�Dd�1 m = DF�L�DP/E = 2 9 105 N 9

1 m 9 0.2 MPa/5 9 104 MPa = 0.8 J, where DF is an

additional force due to variation of lithostatic pressure by

0.1%, acting on a surface of the block of 1 m2 area is

0.2 MPa 9 1 m2 = 2 9 105 N; L is a length of the com-

pressed block, and L = 1 m; Dd = DP/E: relative defor-

mation of the block at DP = 0.2 MPa (variation of normal

stress *200 MPa at the depth of 10 km by 0.1%),

E = 5 9 104 MPa is an elastic modulus of granite.

The work provided by electric current during 10 s

(maximal duration of DC current pulse in field experi-

ments) through the conductor with specific resistance of

5 9 103 Ohm�m (averaged value for Bishkek geodynami-

cal test site) of 1 m2 area and 1 m length will be

Ael = I2�R�t = (1 9 10-8) A2 9 5 9 103 X�m 9 1 m/1 m2

9 10 s = 5 9 10-14 A2 Ohm�s = 5 9 10-14 J, that is

greatly less than the specific work required for earthquake

triggering by mechanical action (*1 J/m3).

In so doing, even the whole work performed by electric

current will be converted into mechanical energy of rock

compression, it will be not enough for provision of required

variation of normal stress in the fault by 0.1%, which can

trigger earthquake. Based on provided above estimations,

the conclusion may be drawn that for field experiments

with pulsed MHD generators even for 100% conversion of

electrical energy into mechanical work in the earthquake

source (though the most part of electrical energy will be

converted into heat) the generation of required additional

stresses of 0.05–0.2 MPa capable to trigger earthquake is

impossible and another hypotheses should be considered

for explanation of electric triggering phenomena observed

under field conditions. For obtaining the required level of

increase in specific energy of rock (1 J/m3), the electric

current density should be about 0.2 9 10-2 A/m2 and,

considering the heat losses, even greater, that in principle

meets the obtained laboratory test results. Thus, the effect

of seismicity response to electrical pulses observed under

natural conditions may be explained either by contraction

of electric current in narrow highly conductive fault areas

and current density increase or by secondary triggering

mechanisms like electromagnetic stimulation of fluid

migration into the fault area resulted in decrease in the fault

strength properties (Novikov and Novikova 2014), that

requires special analysis of fluid behavior in the fault and

related variations of electrical and mechanical properties of

the fault gouge.

5 Conclusions

Thus, in the laboratory experiments a possibility of direct

triggering of seismic event by a pulse of DC current along the

fault zone was confirmed. In this case, the triggering of slip of

movable block of the spring-blockmodel of seismogenic fault

is possible only in the subcritical state of the spring-block

system, when the accumulated shear stresses are 0.98–0.99 of

critical value, when the sharp slip (laboratory ‘‘earthquake’’)

occurs. The threshold current density triggered the seismic

event under laboratory conditions is about 20 A/m2, that

exceeds approximately by 8 orders the current density cal-

culated for field experiments carried out at the Bishkek geo-

dynamical test site (Northern Tien Shan, Kirghizia), when the

seismic response to electrical pulses injected into the Earth

crust by MHD generator is analyzed. The effect of local

seismicity response to electrical action may be explained

either by electric current contraction in the narrow highly

conductive fault zones up to the current density required for

earthquake triggering (over 0.2 9 10-2 A/m2) or by sec-

ondary triggering mechanisms driven by electric pulses, like

electromagnetic stimulation of fluid migration into the fault

zone and reduction of the fault strength properties.
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