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INTRODUCTION

Landslides, like earthquakes, volcanic erup-
tions or hurricanes, pose a serious threat to hu-
man life and health and the safety of residential 
or industrial infrastructure [1]. Despite increas-
ingly advanced research into the mechanism of 
landslide activity resulting in the development of 
better methods for their stabilization [2] and early 
warning of possible landslide activity, newer and 
more effective methods are being sought to pre-
dict and monitor their movements. It is important 
here to know the geological structure of the land-
slide with the distinction of slip zones in which 
the displacement of landslide layers occurs. Due 
to the occurring landslide processes, different 
types of landslides are distinguished [3]. In sim-
ple terms, in the slip zone there is a slip plane, 
where the movement of landslide masses occurs 
under the influence of the sliding force. It is ob-
served that landslide activity is associated with 
long-term meteorological events, such as rainfall 
[4]. The traditional method used for years to track 

landslide movements is the inclinometer method 
[5, 6]. However, most methods monitor the land-
slide process in discrete moments of time or give 
information about the movement of a landslide 
when catastrophic movement begins. According 
to many researchers, it is valuable to have infor-
mation about the immediate increase in the slid-
ing force near the slip plane before the landslide 
movement even occurs [7]. A significant portion 
of mechanical energy is released in this zone. 
Landslide studies use surface survey methods 
and those that require interference with the inter-
nal structure of the landslide body. For example, 
external monitoring of the movement of the land-
slide body can be carried out with great preci-
sion, through the use of GPS (Global Positioning 
System) apparatus [8, 9]. A GIS (Geographic In-
formation System) method is used to predict the 
movement of more extensive landslide areas [10]. 
Traditional geoelectric methods, such as map-
ping the resistivity of the landslide body, are also 
used. The surveys look for areas with relatively 
low resistivity, which is associated with increased 
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water accumulation, promoting the development 
of landslide movements [11]. Commonly used in 
landslide monitoring is the eigenpotential method 
[12]. The eigenpotential method is often used in 
conjunction with monitoring the resistivity of 
the landslide body [13]. Of great importance in 
obtaining information about the structure of the 
landslide under study are measurements made 
with GPR (Ground Penetrating Radar) [14]. Sig-
nificant landslide areas are monitored with the 
participation of satellites [15]. To predict the 
development of landslide movements also uses 
advanced modelling using neural networks and 
machine learning algorithms [16, 17]. Similar so-
lutions are used for earthquake forecasting [18]. 
However, methods are constantly being sought 
for continuous tracking of landslide processes, 
capable of alerting the relevant services before 
catastrophic development of landslide processes 
occurs. The method presented by the authors of 
this paper is part of this trend. This method is 
based on the measurement of electromagnetic ra-
diation emitted by an active landslide. Elevated 
EM emissions occur in landslide-active zones and 
are measurable before the catastrophic develop-
ment of the landslide process. The proposed ap-
paratus is equipped with an underground measur-
ing receiver sensitized to the magnetic field. The 
size of the receiver is small and it is possible to 
insert it into existing boreholes drilled for inclino-
metric landslide research. The research methods 
used so far are based on measurements of elec-
tromagnetic fields emitted during landslide activ-
ity using mainly ground-based antennas [19, 20, 
21]. Measurement apparatuses are characterized 
by a significant degree of complexity to eliminate 
ground-based interference signals from human 
infrastructure. An additional problem is their low 
sensitivity and the inability to indicate the inun-
dation of the slip plane. The results obtained may 
be subject to considerable measurement errors. 
This fact argues for the use of a small-sized un-
derground measuring probe inserted into the body 
of the landslide for the study. Such a probe can be 
located near the slip zone of the landslide.

EM RADIATION GENERATION 
MECHANISMS

Piezoelectric effect

In the body of an active landslide, with within 
the slip plane, there are stresses with significant 

values acting on the material from which the 
landslide is built. There is a wide group of materi-
als forming geological structures, including land-
slides, that exhibit piezoelectric properties. Natu-
rally occurring piezoelectric minerals include 
quartz, tourmaline, sphalerite, nepheline [22]. 
The piezoelectric effect is also observed in miner-
als with dielectric and semiconducting properties, 
such as selenium, tellurium, greenockite, zincite, 
kdmoselite. The relation describing the piezo-
electric effect takes the form [22]:
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– electric field [V/m],
 ε – electrical permeability [F/m],
 d – piezoelectric constant [C/N].

From the quoted relationship, it follows that 
under the influence of the stress  forced in the sam-
ple, there is a proportional change in the electri-
cal induction , also referred to what electric shift. 
This phenomenon is commonly referred to in the 
literature as reverse piezoelectric phenomenon. 

Electric double layer

The fluid-saturated geological layers that 
form a landslide can be considered at the mi-
croscale as a network of capillaries formed in the 
granular structure of the medium. In the fluid fill-
ing the capillaries, ions are raised, which interact 
with the grains of the medium to form an electri-
cal double layer, as shown in Figure 1 using the 
Stern model [23].

According to Figure 1a, the layer of cations 
located in the Stern layer, immediately adjacent 
to the capillary wall with a surface potential of 
φ0, is deprived of the ability to move in solution 
as a result of strong electrostatic attraction and 
van der Waals forces [24]. Cations in the diffu-
sion layer have the ability to move in solution, 
but their concentration is increased as a result of 
electrostatic interactions. The plane separating 
the layer of stationary ions and the diffusion lay-
er is called the slip plane. It has a well-defined 
potential, called ζ-potential or electrokinetic 
potential. The value of the potential ζ strongly 
depends on the type of medium saturated with 
the liquid, as well as the properties of the liquid 
itself, which in most cases can be treated as an 
electrolyte. For example, for kaolinite, the aver-
age value of ζ-potential is 10÷50 mV.
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The Stern layer together with the diffusion lay-
er form the EDL electrical double layer. The course 
of the electric potential as a function of distance 
from the capillary wall is shown in Figure 1b.

Relationships linking fluid flow in a homoge-
neous porous medium with phenomena of electri-
cal nature take the form [25, 26, 27]: 
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where: VJ


– density of the liquid stream [m/s],
 CJ


– current density [A/m2],

 p – pressure of the liquid stream [N/m2],
 V – electric potential [V],
 L11, L12, L21, L22 – proportionality coeffi-
 cients.

Considering a theoretical sample of the pore 
medium in the shape of a cylinder with a base 
area A and length l, through which liquid flow 
is forced in the direction of length l, under the 
influence of a pressure difference ∆p. The pore 
structure of a cylinder with resultant resistivity ρP 
is saturated with a liquid with resistivity ρC. From 
this, the voltage UP occurring at the ends of the 
sample can be determined [23].
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where: η – dynamic viscosity of the liquid [N·s/m2]

The resistance RP of the pore structure of the 
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be determined by the relation [28]:

 
l
pAI

P

C
P

∆
ρ
ρ

η
ζε

=  (6)

where: Π = ρC/ρP – dynamic porosity coefficient 
[28].

Treating a cylindrical sample with base radius 
r as a rectilinear conductor through which a cur-
rent of IP flows, according to Biot-Savart’s law, 
the magnetic field strength can be determined 
at an observation point d away from the sample  
(d >> r):
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Taking into account relation (6) and assum-
ing the observation point normal to the side of the 
cylinder, we get:

 d
^
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The emission of variable electromagnetic 
fields caused by fluid flow is due to the fact of 
oscillatory or pulsed changes in the pressure gra-
dient forcing the flow [29, 30]. 

Microcracks

In the body of the landslide in the vicinity of 
the slip plane there is considerable mechanical 
stress on the matter. In the fractions adjacent to 
the slip plane, a network of microcracks is formed 
[2]. This phenomenon leads to the release of en-
ergy in the form of EM field emissions. The mi-
crocrack propagates in the landslide matter and 
its walls perform mechanical vibrations. This si-
tuation is shown in Figure 2.

Fig. 1. Stern model of an electrical double layer: a) ion distribution near the capillary wall 
b) potential distribution as a function of distance from the capillary wall [23]
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Charges of opposite signs accumulate on op-
posite walls of the microcrack, which are distant 
by w. Their distance oscillates around the dis-
tance w becoming the source of EM field emis-
sion. The relation describing the magnitude of 
magnetic field induced by the microcrack takes 
the form [31]:
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This signal can be recorded by the measuring 
receiver.

LABORATORY MEASUREMENT SYSTEM

A series of preliminary laboratory tests were 
carried out before designing the apparatus for 
monitoring the values of electromagnetic field 
emissions from landslides. It was evaluated what 
frequencies and values of electromagnetic field 
intensities are emitted by samples of rocks and 
soils that can form a fraction of real landslides. 
For this purpose, a laboratory station was set up 
as in Figure 3.

The essence of the tests consists in exerting 
axial loads on the test specimen through a hydrau-
lic press. The jaws of the press between which 
the sample is placed are shielded by an electro-
magnetic shield to protect against parasitic elec-
tromagnetic disturbances. 

Tests on the created stand can be carried out 
in three different ways:
 • Crushing of rock samples in the form of fin-

ished blocks. Sample placed between the jaws 
of the press subjected to an axial force. Mea-
surement of electromagnetic emission by in-
ternal electric field receivers E and magnetic 
field receivers H.

 • Crushing of loose materials. Bulk material (grav-
el, sand) filling a special cylinder with a piston, 
subjected to the force of the press jaws. Measure-
ment of EM emissions by E and H receivers.

 • Measurement of electrical potentials emitted 
by plastic materials. Measuring electrodes 
(Electrodes) were attached to the jaws of the 
press to measure the potentials present on the 
crushed sample of plastic material (e.g. clay).

Fig. 2. The nature of EM field generation through microcracks

Fig. 3. Laboratory station for testing electromagnetic field emissions from material samples



188

Advances in Science and Technology Research Journal 2023, 17(3), 184–195

Laboratory test results

Figure 4 shows the results of measuring the 
difference in electrical potential recorded by 
Electrodes during the exertion of an increasing 
pressure force on a clay sample.

Figure 5 presents the emission waveform of 
the magnetic component of the EM field along 
with the frequency spectrum for an example 
sandstone rock sample in the form of a uniform 
block. Figure 6 presents the results obtained from 
crushing gravel in a piston measuring cylinder. 

The electric components of the EM field re-
corded in the latter two cases showed a similar 
character to the magnetic component. Due to the 
greater susceptibility of these signals to external 
interference, they were omitted from the publica-
tion. Based on the research performed, the fol-
lowing observations were made:
 • Exerting a linearly increasing compres-

sive pressure on the clay sample resulted in 

a voltage recorded by Electrodes. The value 
of this voltage increased in proportion to the 
force of the pressure. 

 • When a sandstone block is destroyed, a strong 
single pulse of magnetic field emission occurs 
at the time of its disintegration. The maximum 
amplitude values of the frequency spectrum 
striations, obtained during the measurements, 
reached levels of up to 1.5·10-3 A/m.

 • By crushing a sample of gravel placed in the 
measuring cylinder, a series of consecutive 
EM pulses corresponding to the destruction 
of the gravel particles were observed. The re-
corded maximum values of the spectrum bars 
were at up to 2·10-5A/m.

 • For the sandstone sample, the useful spectrum 
of emitted signals extends to a value of 10 kHz

 • In the case of the gravel sample, the useful 
spectrum is contained up to a value of 20 
kHz, taking its maximum near the frequency 
of 16 kHz.

Fig. 4. Variation of the potential difference at the extremities of the clay sample as a function of contact force

Fig. 5. Emission of magnetic component of electromagnetic field during destruction 
of sandstone sample: a) time course b) frequency spectrum



189

Advances in Science and Technology Research Journal 2023, 17(3), 184–195

MEASUREMENT SYSTEM DESIGN

Based on the results of laboratory mea-
surements and with a view to the practical 
implementation of the measurement system, a 
solution was developed, the block diagram of 
which is shown in Figure 7. The measurement 
system consists of an underground magnetic 
field receiver, which during the measurements 
is inserted into a borehole drilled in the body of 
the landslide. The receiver with the ground part 
of the measurement system (processig block) is 
connected by a fiber optic line. The advantage 
of the fiber optic cable used is the lack of sen-
sitivity to parasitic signals of electromagnetic 
disturbances. Precise guidance of the receiver 
in the borehole, along with the measurement of 
the depth at which it was inserted, is provided 
by a rotary drum on which 50m of kevlar fiber-
reinforced optical fiber is wound.

The underground magnetic field receiver, 
which was guided along the underground bore-
hole, was placed in a hermetic casing with a size 
of ϕ 40×500 mm. The measuring antenna of the 
receiver was made on a ferrite rod with a diameter 
of 20mm and a length of 100mm and a number of 
coils of 1000 turns. Due to the expected low val-
ues of recorded magnetic field intensities (of the 
order of a minimum of 10-5 A/m), EM-emitting 
digital blocks were abandoned in the construc-
tion of the receiver. The schematic diagram of 
the magnetic field receiver is shown in Figure 8, 
while Figure 9 shows a view of the interior of the 
magnetic field receiver. 

In the diagram (Fig. 8), a parallel resonant cir-
cuit consisting of antenna coil L and switched ca-
pacitances C1-C3 is sensitized to the presence of 
the magnetic component of the EM field. Depend-
ing on the selected capacitance, the circuit mani-
fests its maximum sensitivity at frequencies of 7, 

Fig. 6. Emission of the magnetic component of the electromagnetic field during loading 
of the gravel sample: a) time course b) frequency spectrum for the marked pulse

Fig. 7. Block construction of a system for measuring EM activity of landslides
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14 and 19 kHz. These frequencies were chosen as 
representative of the characteristics of the spectra 
recorded during laboratory measurements.

The value of the selected L and C elements of 
the system for a given measurement frequency, is 
related by the relation [32]:

 
CL

f
⋅⋅

=
π2

1  (10)

where: L – inductance of antenna coil [H],
 C – capacity [F].

The induced value of the electromotive force 
(EFA) in the antenna circuit is [33]: 
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  (11)
where: hef – height (effective height) of the an-

tenna [m],
 E – electric field strength [V/m],
 ψ (α) – coefficient of the dependence of 

the induced EF on the position of the an-
tenna with respect to the field lines.

At the terminals of the antenna, for a given 
measurement frequency, we have a voltage [33]:
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where: Q – goodness of the resonant circuit.

Under free space conditions, the relationship 
[34] becomes true:
 HHZE ⋅=⋅= π1200  (13)
where: H – magnetic field strength [A/m]

 Z0 = 120π [Ω] – wave impedance of free 
space.

Using relation (13) in formula (12) we get:
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The receiver uses a closed magnetic antenna 

with a ferrite core. For an antenna of this type, the 
effective height hef [34] is:
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where: z – number of antenna coils,
 S – area covered by the antenna coil [m2],
 λ – wavelength [m],
 µ – magnetic permeability effective core 

of ferrite antenna [H/m],
 α – angle formed by the plane of the coil 

with the direction of propagation of the 
electromagnetic wave.

At the same time, the relationship [34] is 
valid:
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where: EFA – electromotive force induced in the 
antenna [V],

 E – electric field strength [V/m].

Finally, after taking into account the relation-
ship (13) can be written:
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Fig. 8. Schematic diagram of underground magnetic field receiver

Fig. 9. Interior view of the underground magnetic field receiver: 1 – ferrite antenna; 
2 – electronic system; 3 – Li-Ion battery assembly; 4 – O-rings; 5 – probe support structure
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In view of the above, the voltage at the termi-
nals of a parallel resonant circuit of an antenna of 
Q goodness under resonant conditions is:

 α
λ

µπ cosQHSzEFQU A ⋅⋅=⋅=
2240  (18)

The voltage obtained in the resonant circuit 
is fed to the amplifier realized on the operational 
amplifier U1, the gain of which is expressed by 
the relation [32]:
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The fixed gain of the block is 10V/V. Fur-
ther amplification of the signal takes place in the 
ground-based signal processing block acquired 
from the fiber optic receiver. The last module in the 
signal processing block is the optical fiber trans-
mitter, which is controlled by a voltage-controlled 
current source. The source is composed of an oper-
ational amplifier U2, a transistor T and a resistance 
R5. The forced current in the optical transmitter di-
ode is determined by the relation [32]:
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Processing of the signal sent by the receiver 
to the ground surface is provided by the process-
ing block, the simplified schematic diagram of 
which is presented in Figure 10. The optical sig-
nal fed to the input A is converted into an elec-
trical signal using a specialized HFBR 2416 ele-
ment from Avago. Elements U1, R1, C1 and C2 
provide power to the element with the appropriate 
5V stabilized voltage. Capacitance C3 cuts off the 
DC component against which the actual measure-
ment signal occurs. Then the measured signal is 
fed to the member made on the operational ampli-
fier U2, which allows adjustable gain in the range 

of 10–100 V/V by means of a potentiometer P 
provided with an appropriate scale. At this point, 
it is possible to control the received signal, for 
example, using an oscilloscope at the electrical 
output B. In the next part, the tested signal is sub-
jected to peak detection in a circuit consisting of 
elements U3, R4 and D. Further, the voltage value 
corresponding to the peak value of the signal is 
converted into digital form and, after conversion 
to the RS232 standard, it is possible to record in 
computer memory. Recording takes place at dis-
crete moments of the receiver’s immersion in 
the structure under study, which is provided by 
a depth meter circuit that sends an appropriate 
synchronizing pulse. Recording takes place every 
5cm of the receiver’s immersion in the measuring 
hole. The circuit made on the U4 amplifier pro-
vides symmetrization of the power supply volt-
age obtained from the 12V battery supplying the 
entire ground system.

MAGNETIC FIELD MEASUREMENTS 
ON REAL LANDSLIDES

The discussed measuring system for studying 
spontaneous magnetic field emission, was used to 
study the stability of real landslides. The article 
presents sample results from a periodically inac-
tive landslide in Szymbark near Gorlice (Poland) 
and an active landslide in Jaroszow near Strze-
gom (Poland).

A periodically inactive landslide in Szymbark

A study of the magnetic component emis-
sion of the field at the landslide in Szymbark was 

Fig. 10. Electrical schematic of the signal processing block of the system 
for measuring the electromagnetic activity of landslides
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conducted. The studied landslide is developed in 
homogeneous deposits of clay mixed with sand. 
The bedrock of the landslide, lying at a depth 
of about 40 m, is solid sandstone and sandstone 
shale. Landslide movements occur periodically, 
mainly after heavy rainfall. The average annual 
flow rate of the landslide in the active parts of 
the landslide does not exceed 20 mm/year. The 
landslide is under constant monitoring by geolo-
gists and there are permanent inclinometer wells 
drilled on it.

For the selected borehole, studies of the mag-
netic component emission of the EM field were 
carried out with a prototype research appara-
tus. The research was carried out in the summer 
months of the year, during the dry season when 
the landslide does not manifest geodynamic ac-
tivity. The magnetic field emission waveforms for 
the studied well are shown in Figure 11.

During the study, an underground magnetic 
field receiver was introduced to the maximum 
depth of the borehole, i.e. 30 m. The receiver 
was introduced three times by tuning it to differ-
ent measurement frequencies of 7 kHz, 14 kHz 
and 19 kHz. For each frequency up to a depth of 
3–4 m below the ground surface, increased field 
emission was observed. The recorded emission is 
related to the penetration of parasitic electromag-
netic fields into the ground, interfering with the 
conducted measurements. From a depth of 4 m, 
the underground receiver reads the emission of 

the magnetic component at a level of about  A/m. 
The recorded field assumes a constant value for 
each of the applied frequencies along the entire 
measurement depth. Receiving such a low value 
of field strength at any depth, indicates the ab-
sence of active landslide movements. 

However, the recorded low value of the field 
strength may indicate existing internal stresses in 
the landslide, causing a constant magnetic field 
emission.

Active landslide in Jaroszow

The landslide in Jaroszow has a homoge-
neous geological structure and is composed of 
a mixture of clay, sand and gravel. In the lower 
parts there are inclusions in the form of sand-
stone sheets of varying sizes. Based on many 
years of geological research including inclino-
metric measurements and analysis of the geo-
morphological structure, it is estimated that the 
landslide slippage occurs in deeper layers below 
5 meters. When the landslide is active, the dis-
placement reaches 40 mm/month. 

Measurements of the magnetic component of 
the EM field were carried out on the landslide for 
an example inclinometer borehole. The measure-
ments were made in the month of August abun-
dant in precipitation. Magnetic field emission 
profiles for different measurement frequencies (7, 
14, 19 kHz) are shown in Figure 12.

Fig. 11. Magnetic field intensity waveforms along the Leslaw borehole for the measurement 
frequency of the receiver (a) f = 7 kHz (b) f = 14 kHz (c) f = 19 kHz
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As in previous measurements, to a depth of 
about 3-4m, the strong influence of electromag-
netic disturbances penetrating below the ground 
surface is noticeable. For the studied landslide, 
anomalies in the recorded magnetic component 
are visible at depths of 7 to 8 meters and be-
low 11m. This indicates increased activity of the 
landslide at the indicated depths. Presumably, 
the landslide manifests its activity at depths cor-
responding to increased hydration of the land-
slide layers. A sensitive method for detecting 
such situations is the electrical resistivity meth-
od with the help of which the resistivity of the 
geological layers of the subsoil is determined. 
With homogeneous geological structure of the 
studied layers, increased hydration corresponds 
to a lower value of resistivity. The probing depth 
of this method depends on the spacing of the 
measuring electrodes.

As a complement to the electromagnetic mea-
surements, an electrofusion verification survey 
was conducted centrally over the surveyed bore-
hole. Probing was carried out to a depth of 25 m 
using a ground electrode system in a Wenner con-
figuration. The obtained resistivity measurement 
results are shown in Figure 13.

Analysis of the obtained sounding curve 
shows that up to a depth of about 2m the resistiv-
ity value is unchanged at about 25 Ωm. Which is 
due to the uniform moisture content of the near-
surface soil layers. When further increasing the 
depth of penetration to 4–5 m, the resistivity in-
creases, reaching a maximum value of 40 Ωm. 
Which indicates the low moisture content of these 
geological layers. From a depth of 6m, a gradual 
decrease in the resistivity value to a minimum 
value of 15 Ωm is observed. The reduced value 

of resistivity at a uniform geological structure 
indicates increased hydration of the layer under 
consideration.

The apparent correlation of the results of the 
two methods testifies to the active movement of 
the landslide at depths below 7 m.

CONCLUSIONS

The designed and manufactured apparatus for 
measuring the electromagnetic activity of land-
slides offers new possibilities for assessing the 
stability of landslides. With this apparatus, it is 
possible to assess active movements in the land-
slide structure with an indication of existing slip 
planes in its body. 

The measurement involves inserting an un-
derground receiver of the magnetic component of 
the EM field into the test borehole and recording 
the field component at each depth of the borehole. 
Tests were conducted on two types of landslides: 
a periodically inactive one in Szymbark and an 
active one in Jaroszow. In both cases, up to a mea-
surement depth of about 3-4m, an elevated level 
of magnetic field is recorded, associated with the 
penetration of electromagnetic disturbances as-
sociated with human infrastructure underground. 
During measurements of the inactive landslide, 
along the measurement well, magnetic field 
emission of low value is observed at a constant 
level. The recorded low value is probably related 
to the existing mechanical stresses keeping the 
landslide in equilibrium. The situation is differ-
ent in the case of an active landslide in Jaroszow. 
Here, after the receiver is sunk below the depth 
of penetration of electromagnetic disturbances, a 

Fig. 12. Magnetic field intensity waveforms along the borehole in Jaroszow for the 
receiver measurement frequency: a) f = 7 kHz b) f = 14 kHz c) f = 19 kHz
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renewed increase in recorded intensities is visible 
starting from 7 meters depth. This phenomenon is 
associated with the existence of slip zones in these 
parts of the landslide. A similar conclusion can be 
drawn by analyzing the profile of the electrical 
resistivity sounding conducted over the Jaroszow 
borehole. At depths corresponding to increased 
levels of magnetic field emissions, minimal re-
sistivity values are observed, which may indicate 
hydration of the studied landslide layers. 

The measurements carried out on actual land-
slides confirmed the effectiveness of the designed 
high-sensitivity measuring apparatus, indicating 
precisely the slip planes. An additional advan-
tage of the apparatus is the possibility of continu-
ous monitoring of landslide movements. This is 
possible by deploying a network of receivers in 
boreholes drilled in the body of the landslide at 
depths corresponding to potential slip planes. The 
recorded elevated emission value of the magnetic 
component of the EM field would indicate active 
landslide movement.

At the current stage of development of mea-
surement apparatus, it is possible to use it as a 
method complementary to the commonly used sys-
tems for monitoring the status of landslide activity.
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