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Abstract: Currently, there are many enterprises involved in extracting and processing of primary
raw materials. The danger of working in this industry consists in the formation of cracks in rocks of
the pit side slopes, which can lead to destruction. This article discusses the existing systems for
monitoring the pit collapse prevention. The most promising is the use of systems with fiber-optic
sensors. However, use of these systems is associated with some difficulties due to high costs, low
noise immunity, and in some cases, the requirement for additional equipment to improve the relia-
bility of measurements. A completely new method of processing the data from a fiber-optic sensor
that simplifies the design and reduces the cost of the device is proposed considering the experience
of previous developments. The system uses artificial intelligence, which improves the data pro-
cessing. The theoretical part is dedicated to the development of foundations, and the analysis of the
nonlinear properties of the physical and mathematical model of optical processes associated with
the propagation of an electromagnetic wave in a fiber-optic material was developed. The results of
experimental and theoretical applied research, which are important for the development of fiber-
optic systems for monitoring the pit collapse prevention, are presented. The dependences of optical
losses and the number of pixels on the dis-placement were obtained. The accuracy of the method
corresponds to the accuracy of the device by which it is calibrated and is 0.001 mm. The developed
hardware-software complex is able to track the rate of changing the derivative of the light wave
intensity in time, as well as changing the shape of the spot and transition of pixels from white to
black.

Keywords: fiber-optic sensor; optical fiber; pit structural monitoring; optical losses; light spot;
pixel amounts

1. Introduction

In the last 10-15 years, control and measuring instruments, devices (sensors, hard-
ware and software components for computers, sensors, etc.) and process monitoring sys-
tems have used automated high-speed functional elements and circuits based on fiber-
optic materials (FOM). They have caused significant applied scientific and technical inter-
est for a number of branches of modern industry: laser technology, microelectronics and
radio electronics, mining technologies and metallurgy, non-destructive testing technolo-
gies and resistance of materials, mechanical engineering, aircraft building and rocket sci-
ence, etc., first of all, because of organizing high-quality electronic measurements with a
high degree of accuracy of results (often in real time and with remote access) when mon-
itoring the technical conditions (deformation and mechanical stress parameters) of ex-
tended large-scale objects (dams, bridges, embankments, mining pits, etc.) [1]. A possible
solution is to build systems using fiber-optic sensors. Moreover, the advantages of fiber-
optic control and measuring systems have been known for a long time. For example, they
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are not affected by electromagnetic interference (noise); they have high electric physical
(nonlinear relaxation polarization and conductivity), optical (nonlinear electric optical
phenomena) and metrological characteristics; they have distributed and quasi-distributed
sensitivity; they are able to work in an explosive environment. At the same time, the meas-
uring channels have a significant length, and the cost of fiber-optic conductors is lower
than that of copper ones; every year, the cost of optical fiber (OF) is reduced, and its prop-
erties are improved. Another feature of using fiber-optic sensors (FOS) is their low power
consumption and the ability to work at a considerable distance from the data processing
unit, since the light signal is weakly attenuated, unlike the electric one. In addition, OFs
do not oxidate [2]. OFs can be used to build distributed and quasi-distributed measuring
systems for monitoring geotechnical parameters and the safety of mining operations in
pits and coal mines [3], as well as the other extended objects. Security systems for perim-
eters and borders of various types and purposes have been developed based on the FOS
[4]. FOS are actively used in the aerospace and oil and gas industries [5], since they have
significant advantages over electrical sensors based on the clarity of the physical principle
of operation and their positive properties, which ensure their large-scale implementation.
Sufficiently serious scientific work has been carried out in the field of improving the safety
of open-cast marble extraction [6].

There are image surveillance systems, Global Positioning System (GPS) technologies,
ultrasonic measurements, specialized sensors and IoT-applications [7], according to the
analyzed literature, that are used in order to monitor the technical condition of concrete,
metal structures. Moreover, FOS are widely used [8]. The reasons for the development
were the decrease of the materials cost and improvements in measurement tools [9]. The
main methods of measuring external impacts include Tunable Wavelength Coherent Op-
tical Time Domain Reflectometry (TW-COTDR), Phase Shift Pulse Brillouin Optical Time
Domain Reflectometry (PSP-BOTDR), Pulse-Prepump Brillouin Optical Time Domain
Analysis (PPP-BOTDA), Brillouin Optical Time Domain Analysis (BOTDA), Brillouin Op-
tical Time Domain Reflectometry (BOTDR), Optical Frequency Domain Reflectometry
(OFDR) or methods based on measuring losses in an OF caused by Brillouin scattering
[10]. Moreover, the most widely used among FOS sensors are those built on Bragg grat-
ings, with the measurement of losses by scattering of Brillouin, Raman, Rayleigh [11]. It
should be noted that the main advantage of OF is the ability to measure not only one
parameter but also two interrelated parameters [12,13], for example, displacement and
mechanical stress or two parameters with a low correlation, such as temperature and me-
chanical stress [14,15], and in some cases, three parameters [16]. However, this application
requires large computing power or more complex designs. In the case of point-by-point
measurement application, the presence of corrosion on steel reinforcement can also be
monitored [17]. On the other hand, it is possible to measure the force exerted by rock dis-
placement using a point-by-point fiber-optic sensor [18]. The advantages of this solution
are high measurement accuracy, as well as compensation for signal interference caused
by temperature changes. Despite this, the quality of the welding of the sensing element
can greatly affect the measurement, while the welding itself complicates the mounting
and dismantling processes. Another possible solution to this problem in measuring stress
can be a device made in the form of a metal ring, on which Bragg gratings, a polling device
and a controller based on a Field-Programmable Gate Array (FPGA) are mounted [19].
The special design of the device provides high accuracy and linear dependence of meas-
urements; the controller provides temperature compensation. However, the above op-
tions have a high cost and a complex design.

Another case of using FOS is to determine the increase of the displacements of rocks,
stone slabs, for example, [12]. This solution is made in the form of a special design
mounted in a metal box. The principle of operation is to measure the angle of inclination
along the wavelength. The advantages are the accuracy of crack measurement, detuning
from the temperature changes. The disadvantages are the design complexity and high
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cost. On the other hand, a temperature-compensated sensor can be considered, which con-
sists of a cable made using a multi-mode fiber, an input and output single-mode fiber and
is made in the form of a spiral [20]. The advantages of the device are an increased meas-
urement accuracy and temperature compensation. The disadvantages are the absence of
the consideration of the vibrations effect on readings, as well as high requirements for
equipment to correct the error caused by temperature changes.

It should be noted that the use of FOS makes it possible to monitor the integrity of
mines. For example, there is information about developing a system for monitoring rock
displacement and preventing the collapse of mine workings in coal mines in China [21].
Fiber-optic vertical and horizontal seismic receivers based on a Mach-Zehnder interfer-
ometer have been considered. Authors have proposed an original design of a sensitive
element that provides a high-threshold sensitivity of the measuring device to seismic ac-
celerations. Stability of the Mach—Zehnder interferometer operation is ensured using an
active stabilization system for the operating point [22]. Developing their area, the authors
proposed their own construction that has certain common features with those considered
earlier in [23,24].

On the other hand, increasing the sensitivity of fiber-optic interferometric sensors is
achieved using a multi-turn sensitive functional element (acting element), in which the
FOS is based on a two-arm Mach-Zehnder interferometer [25]. The theoretical basis for
the development of long-baseline strainmeters was work [26] that presented the results of
studying long-baseline strainmeters designed to monitor the mechanical states of large-
scale objects. In this work, there was partially solved the important problem of reducing
the fading of the strainmeter output signal with change of the external temperature. Alt-
hough the use of a multi-turn sensing element in the design of FOS can significantly im-
prove the performance of FOS in strain measurements, it was not possible to completely
eliminate the temperature negative effect (the effects of thermal elasticity) on the meas-
urement process. The decrease in the drift of the operating point of the interferometer due
to the spatial localization of the interferometer while maintaining the length of the meas-
uring base was observed. In addition, there is no information about testing a prototype in
the field, so it cannot be argued that the proposed FOS is able to reduce the deviation of
the output signal over time compared with the traditional electromechanical sensor from
12% to 2%. Only a functional diagram of a long-based strainmeter was presented, and the
absence of photographs of a prototype can demonstrate the incompleteness of the studies
and the absence of empirical data obtained as a result of studying full-scale FOS samples.
Since there are no results of testing the FOS under conditions of changing the external
temperature, it is impossible to unequivocally assert its effectiveness and complete solu-
tion of such an important problem for this device.

It is known that the drift of the operating point can begin when the temperature
changes within 1 °C [27], so there is a change in the intensity of the incident light wave on
the surface of the photodetector. First of all, the phase of propagation of the light wave
changes. The authors also did not indicate which fiber they used, since there are signifi-
cant differences between the application of the multi- and single-mode OF [28]. The rela-
tive sensitivity of a strainmeter with a multi-turn sensitive element depends on the coef-
ficient of elasticity k. The use in the FOS of a Mach-Zehnder interferometer is accompa-
nied by the risk of the strainmeter output signal fade and the appearance of false signals
about the displacement of rocks [26-30]. The rejection of a rather complex design that re-
quires fine-tuning will significantly increase the FOS reliability.

It should be noted that the high sensitivity of Distributed Fiber-Optic Sensors (DFOS)
is an advantage of such devices and a cause of measurement interference. In order to
achieve high accuracy, such devices are used with machine learning systems [31]. Signal
processing is most often carried out by constructing two-dimensional graphs; however,
there are methods of identifying damage using a three-dimensional transformation [32].
In another case, for example, for signal processing with the use of PPP-BOTDA, artificial
intelligence based on the Random Sample Consensus (RANSAC) method [33] is used.
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Moreover, the use of neural networks, for example, convolutional neural networks
(CNN), makes it possible to process the optical signal with high accuracy [34]. Such sys-
tems make it possible to increase the accuracy of measuring three-dimensional mechanical
stresses, but at the same time, the disadvantages are the large size and cost of the equip-
ment, as well as the complexity of information processing.

Therefore, reducing the cost to develop a fiber-optic system will make it possible to
use it in more facilities. This article presents a solution using a camera to track changes in
a spot of light. In previous works on the development of a mine support pressure moni-
toring system [35,36], it was found that not only the optical signal should be processed but
also the electrical signal that supplies power to the optical radiation generator. At the same
time, in attempts to develop a hardware-software complex, the elements of machine learn-
ing were used, which made it possible to distinguish noise in a signal when external im-
pacts were exerted by such factors as the movement of a person or a machine [37]. These
sources contain a detailed description of the main technical solution and all the ad-
vantages of the proposed system. Thus, this work proposes tracking crack displacements
by such a parameter as the number of pixels of optical signal loss using a photomatrix,
which is a fundamental difference from existing data processing methods using hard-
ware-software complex algorithms to reduce external interference.

2. Materials and Methods

Let us assume that the geometric model of the main working element of an optical
fiber (OF) is in the form of a cylindrical sample with a base radius 7o and length I. The
refractive index of material of the fiber-optic element is accepted in the general case n =
k_c_% @m0 _e_2r '
Py where k, = e = k= — = k= 5 = 5 are the wave vectors of the falling
and refracted waves, respectively.

The physical model of the wave processes studied in the fiber-optic element will be
constructed using the methods of classical electrodynamics and wave optics. The param-
eter of the d’Alembert wave equation for a input wave (falling from air at an angle 6 onto

- 2=
the cross-sectional surface of a fiber-optic element) is V2 u — C%ZTZ =0, and wave, re-
—_— 237
fracted at an angle v in the fiber-optic element, is V2 1 — 126—12‘ = 0. Its general solution is
v4 ot
taken in the form

1 N . =\, 1 — o .
~ =&k ,U=Up -exp (1wt-(k0r)) ~ = Eklo, U = Uy exp (iwt —
(ko).

k N — . 7
5 = Tee V Eoklog; U= 1o exp (iwt — (k7).

Vector classical wave function #(r;f) is characterized by the amplitude %, and the
spatial phase ¢ = (k7) = 19% (7).

The vector #(r;t) acts as both the electric field strength vector E(r;t) and the
wave’s magnetic field strength vector H(r;t). The spatial phase of the falling wave is
taken as equal to ¢, = (koF') = C% (¢7). The spatial phase of the refracted wave is taken as
equal to ¢, = (E?) = U% (7).

The selection of the directions of single vectors 7y, T'is based on the directions of the
rate vectors ¢, U and the wave vectors k, = %?5’, k= %‘F. The direction of the ¢ vector is
based on the radius-vector of the point on the surface of 7 light-sensitive element, accept-
ing (to7) =r-cosa;, (i) =r-cosa,, Y =0 —y, P = a, —a;, the Equation cosy =

cos 8(\/n2—sin20+sin?6)

n
Then, the spatial difference of these waves phases is @—¢, = C%(ncosd) —1)(¢P),

is obtained.

where n = %, r is the distance from the point of intersection of the light beam (a wave
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incident on the surface of the cross-section of the optical fiber) with the surface of a given
section, placed in this model at the origin of coordinates to a fixed point in space.
Accordingly,

@y = %COS 0V nz-sinze-cose)(ﬁr_)}p — Qo = %cos Ovn? —sin2 6 —

. M
cos 0)(T,7).

Next, based on the developed geometric model, the beam falls from the air at an angle
0 onto the cross-sectional surface of the central cable (core) of the fiber-optic element, con-
tinuing the beam until it intersects with the side boundary of the element. Let us denote
the continuation of the beam in the form of a segment OM: and the refracted wave in the
form of a segment OMo. The lengths of the segments are r1 and r2; the angle between them
isequalto Y =6 —y.

. . oM
According to the geometric model, we have r, — 1, = 0M1( 2 — cos ), where
oM, sin@ d
—= = oM, = and r n — cos Irp-r n- cos ). Then,
oM; siny’ 17 2sing”’ 271 T S5ne 7o C ¥). rpry = ( V).
d n2—(cos 0yn2—-sin? 6+sin? 9)
=n= Zsm9

Taking the spatlal dlfference of the phases of the incident and refracted waves in the
direction of the 7 vector, approximately assuming ¢, — ¢, =kr, —kr, = = 2(r,—

1) @2-@1 = kry-kor; = %(rz-rl), according tor; = 26.1—9, we obtain
0y — @ ==X 2nsm9 X (n? — (cos 0vVn? — sin? 0 + sin? 0)). )

From (1) cos OVn2 —sin2 60 +sin’ — 1 = % X (n? — (cos OVn? — sin2 @ + sin? 6)) or
cos 0Vn? — sin2 @ + sin? 0 = n. 3)

Its decision n = cos 9\/(1 +2)2 + cos? 6 + sin? 6 = cos HJ(l ++/2)2 +tg2 6, for-

mally satisfying this equation from a physical point of view, does not pretend to be strictly
scientifically correct and requires a more detailed study primarily in terms of compatibil-
ity with the generalized kinetic equation, which describes, at the molecular level, the pro-
cesses of interaction of an optical signal with a fiber-optic element in a wide range of sub-
stance parameters, including the electromagnetic field and temperature.

The theoretical part, presented in this paper, is an exposition of the conceptual theo-
retical foundations of a physical and mathematical model of electron-optical processes
(generally nonlinear) associated with the interaction of a monochromatic electromagnetic
wave with the substance of a fiber-optic element under the external conditions established
in the model. Obviously, a strict physical model of such processes should be based on
solving a kinetic equation that allows calculating the concentrations of optically active
centers (atoms, molecules, atomic groups, etc.) that are the centers of scattering of an ex-
ternal optical signal (optical relaxers), as well as excessive (above equilibrium) concentra-
tions of electrically charged particles (electrophysical relaxers) moving under the action
of the electric and magnetic fields of the wave in the potential field of the crystal lattice of
the model sample, which determines such nonequilibrium processes as relaxation polari-
zation in the visible wavelength range. The solution of the kinetic equation should be con-
structed in conjunction with Maxwell’s equations for the electromagnetic field of the wave
in the substance of the fiber-optic material. In general, a comprehensive solution to this
problem will require, in the future, the development of quite theoretically complex
schemes and methods related, firstly, to the choice of the correct physical methodology
for constructing the kinetic equation of electron-optical processes in optical fiber(s), in-
cluding kinetic coefficients the processes of interaction of an external electromagnetic field
(optical signal) with optical centers and electrophysical relaxers describing at the micro-
scopic level. Secondly, it will be necessary to choose a convenient methodology, from the
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point of view of comparing the results of theory and experiment, for experimental esti-
mates of the studied microscopic processes (light scattering, electric polarization; light re-
fraction), which will require determining both the list of experimentally determined elec-
trical and optical parameters and the schemes of precision measurements of these param-
eters. The tasks outlined above are not being set at this stage of research, including in this
paper. There is only limit by the description of the conceptual foundations and schemes
for the implementation of the nonlinear kinetic theory of electron-optical effects in optical
fiber planned in the future.

The main task of the theoretical section is to develop conceptual (corresponding to
the schemes and experimental conditions) fundamentals of a physical and mathematical
model of optical-electrical processes occurring in a fiber-optic element during its interac-
tion with a monochromatic electromagnetic wave (an optical signal coming from a coher-
ent radiation source) in a wide range of electromagnetic wave parameters and tempera-
ture. At the same time, the final analytical relations between the calculated macroscopic
parameters of the system will be established by generalized phenomenological methods
(without detailing the structure and properties of the kinetic equation and its boundary
and initial conditions), and in the meantime, approximate methods (from the point of
view of the physical specificity of the dependencies observed in the experiment). The main
task in this section is to formulate a final mathematical expression that establishes a con-
nection between the optical characteristics of the process (intensity of the luminous flux,
refractive index of the substance) and the experimentally measured electro-optical char-
acteristic of the system under study. It is possible that in the process of clarifying the struc-
ture and general appearance of the optical-electric kinetic equation and, when solving it
jointly with Maxwell’s equations, both intermediate and final equations of the model will
appear, which will significantly affect the final calculation formulas. Methodologies and
schemes for measuring the electro-optical characteristics of the system will not be devel-
oped in this work. The solution of all these issues will be the subject of research in subse-
quent works based on this preliminary theoretical study.

The comparison of the results of numerical calculations performed according to the-
oretical formulas and measured in an experiment will not be carried out in this article.
The theoretical section is given after the experimental one, since it is of an auxiliary nature
and, so far, is not directly compared with the experiment.

The mathematical model of the processes of interaction of an optical signal with the
substance of an OF will be built using the expression for the bias current density j(t) =

= N i

Z—[: = weyesE(t) + —P;pt(t)

the complex permittivity (CDP), neglecting the relaxation (low-frequency) polarization of

Prp® _ [
at

[30], where &, is an inductive (high-frequency) component of

the sample 30,31], and calculating the volumetric density of the electromag-

netic wave in the optic fiber in the form [32]:
Py = 2 < Re(E(t)) x Im(J(t)) >~ wepenER. 4)

The equation yOH—g =g ewE—g) is used for the electromagnetic wave on the condition
Uew = 1 (for non-magnetic material).

The value of the refractive index of a light wave in this model (in the optical and
wavelength range) is determined by the high-frequency component of the complex die-
lectric constant n, = +/€,,. The refractive index of OF, in general, can be represented as a
multidimensional functional n(go; w; Eo; T; d; I; 0; @), defined on a set of variables rep-
resenting a set of physical parameters of various types reflecting the properties of the
structure and geometry of the experimental sample (fiber-optic element).

First of all, these parameters include:

(1) Microscopic characteristics of the structure or molecular characteristics presented in
the form of a set of variables of the model under study ¢, = n,(Up; vo; 8; no; @) [1],
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where U, is the activation energy of relaxators (centers of interaction of an electro-
magnetic wave (optical signal) with matter); v, is the natural oscillation frequency
of the relaxator (molecule, ion, cluster) relative to the equilibrium position; J, is the
width of the potential barrier overcome by the relaxer due to thermal activation (in
this case, as a result of thermal fluctuations that significantly affect optical processes
in the fiber in the field of thermoelastic deformations); n, is the equilibrium con-
centration of relaxers (in the absence of external disturbances (electromagnetic fields)
in OF); a is the lattice constant (in the case of a crystal structure) [10]. For the first
time, the application of the method of minimizing the comparison function in rela-
tion to theoretical studies of the kinetics of electro-optical and electrophysical pro-
cesses in materials of various crystal structure complexity (in particular, in fiber-optic
samples) was proposed in [10-14].

(2) Field characteristics: amplitude Eo and frequency w of the electromagnetic wave (op-
tical signal) E= E; exp (iwt — (EF)). In this model, the electric field strength vector

2mv 2TV

of awave przc:Tpagatmg in space with a circular frequency w === w = ——and awave

vector k = — is recorded at an arbitrary point in space 7 at time f, according to a
. : . = a2

generalized solution of the classical Dalembert wave equation V2 E — viza—: =0 for

a free electromagnetic field (away from the source).

(3) The third parameter is temperature, the effect of which on almost all kinetic drying
is obvious and depends, firstly, on the features of the crystal structure; secondly, on
the physical nature of the process; and, thirdly, on the ratios of the energy of the
relaxator in the external field and the energy of the thermal motion of the relaxers.
The weak influence of temperature changes on electro-optical phenomena is consid-
ered in this approximation [30].

(4) Geometric parameters: d is the diameter of the working part (core) of the fiber-optic
sample; [ is its length.

(5) Optical and geometric characteristics: 0 is the angle of incidence of light on the sur-
face of the cross-section of the fiber-optic element; «, is the angle between the direc-
tion of the light beam coming out of the cross section of the fiber-optic element and
the normal vector to the surface of the photosensitive element (plate). The infinity
sign in the designation of a multiparametric physical quantity n., means that relax-
ation electro-optical processes in a fiber-optic element are considered in the optical
frequency range.

The calculation of the electromagnetic wave intensity, averaged over the oscillation

period of the wave [ =< Re[|§(t)|) x Im[|(H(t)|] >~ %lE_O)HH—O[in the approximation
1= i / E(;ﬂ E_g), gives the distribution of the volumetric power density of the electromag-
° 0

netic field of the wave over the angles (between the direction of the wave vector and the
normal to the surface of the sensitive light-perceiving plate):

nw(go; w;Ey;T;d;1;0; ao)
Cc

Py = 20/ €oloEcn] = 2w I(ay). ®)
The calculated value n(5o; w; Eg; T; d; 1; 8; ap) is determined from Equation (3).
Rigorous calculation of the optical signal intensity in the OF I(gy; w; Eo; T; d; 1; 0; o)

as well as for ny(go; w; Eo; T; d; [; 0; ap) should be performed by the methods of the non-

linear kinetic theory in combination with the methods of regression analysis, by minimiz-
ing the differences between the results of theory and experiment [37]. Solving this issue is

a separate complex task beyond the scope of this work and will be carried out in the fu-

ture.

In general, the value measured in the experiment is function I(gy; w; Eo; T; d; [; 6; ),
averaged by angles «a,. Then
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< Pye(S0; @; B3 T5 d; 1;0) >= 2% [T 1(a0) o (S03 @3 Eo3 T3 & 1 0; ag)derg. (6)

The numerical processing of expression (6) will be carried out by means of high-
speed software and hardware, by direct comparison, in real time, with the experimental
picture of the intensity distribution of the output optical signal over the surface of the
photodetector plate in the recording device.

The effect of deformations of fiber-optic samples will be taken into account by the
methods of perturbation theory [30] by expanding the calculated value measured in the
experiment < Py,(Go; w; Ey; T; d; 1; 6) > into infinite power series in powers of the dimen-

. . 5d S . .
sionless small strain parameter —. Zero approximation of perturbation theory with re-
(TMo c2
retical) value of the volumetric power density of the electromagnetic field of the wave
detected by a sensitive membrane (photographic plate) after refraction of the outgoing
(primary optical signal) in an undeformed fiber-optic sample.

spect to a small parameter %d in approximation gives the calculated (theo-

2.1. Experimental Installation

The hypothesis assumes the application of a G.652 type single-mode OF as a sensor
and data transmission system. Taking into account the length of mine workings, it is nec-
essary to ensure the installation of a FOS at a considerable distance from the data pro-
cessing unit. The only option to build a distributed monitoring system with low power
consumption and signal attenuation is possible only on the basis of OF. To test the theory,
a laboratory bench was developed (Figures 1 and 2). The displacement measurements
were made by two methods to ensure reliability of the results. Figure 1 shows the first
method of controlling the change in the pixels of a light spot that is formed at the exit from
the OF and falls on the surface of the television matrix. The second method shown in Fig-
ure 2 is based on controlling the additional losses of light waves that appear in the OF
during the occurrence of the mechanical impact or the bending.

Figure 1. Laboratory bench with the use of the developed HSC.
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Figure 2. Laboratory bench with the use of a reflectometer.

In the first case, a solid-state laser from a visual fault locator in an OF was used as a
radiation source. An important point was selecting this light source according to the pa-
rameters of radiation coherence and its stability, because even radiation frequency devia-
tions of more than 5% lead to a failure in the monitoring system. On the other hand, the
sensor was connected to a light source at one end and to a television matrix at the other.
Data processing as carried out using a hardware-software complex; the visualization of
measurements as represented by graphs on a computer screen.

A VIAVI Smart Pocket OLP-38 optical power meter (JDSU) (Viavi Solutions, San-Jose,
CA, USA) was used to determine optical power and loss values. It operates in the dynamic
range from -50 to +26 dBm with a wavelength range of 780+1650 nm and has the ability
to automatically estimate the level of optical power without switching the measurement
range, as well as to measure the insertion losses formed in the optical conductor when a
light wave passes through its core. In addition, a Smart Pocket OLS-34 cogeneration radi-
ation (Viavi Solutions, San-Jose, CA, USA) source based on a semiconductor laser was
used. This source has a number of necessary automatically supported measurement func-
tions, including automatic stabilization of light wave radiation in the range of 900-1625
nm, as well as the Auto-A and Multi-A functions, which are essential for achieving meas-
urement accuracy. The instruments were used to set up and calibrate the system. The con-
nection to the OF was made through a universal UPP 2.5 mm adapter and optical connect-
ors (OC) of the SC type.

Figure 3 shows a photograph of the used tension measurement instrument (TMI)
with an accuracy of 0.01 mm.

[\

Figure 3. Device for measuring displacements (minimum one division value).

An experimental setup was developed for the experiment (Figure 4). The experiment
was carried out as follows. The displacement was performed by tightening the turnbuck-
les (TB) and nut bolt (NB) and measured by TMI. When displaced, the ends of the ferrules
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into which the OF was inserted diverged by up to 30 mm; if needed, the measurement
range can be extended to 100 mm. So far, there are limitations associated with the param-
eters of the used ferrules, which edged the ends of the OF through OC and the tube in
which the ferrules move. Several sensors can be connected in series or used as a transmis-
sion mechanism to increase the divergence distance of the OF. Changes in the properties
of light occur in relation to the intensity and phase of propagation when the ends of the
OF move away from each other. It is reflected in changing the shape of the light spot. The
farther the OF ends diverge from each other, the greater the level of additional losses and
loss of optical power are. All the changes are recorded by the hardware-software complex
and displayed on the screen.

[enlenenfen{en]en)
0000000000
000000000
O0C OO

Figure 4. Graph obtained from the developed software, where 1 is the turnbuckle, 2 is the optical
connector, 3 is the spring, 4 is the tension measurement instrument, 5 is the tension stud, 6 is the
fiber -optic sensor of shift, 7 is the optical splitter, 8 is the optical power measurement instrument, 9
is the signal generator, 10 is the data processing device, 11 is the USB cable and 12 is the personal
computer.

The data processing device (DPD) contains an optical radiation source, which is a
semiconductor laser with the wavelength of 650 nm and power of 30 mW. In the DPD,
there is a high-resolution photomatrix that perceives all the changes in the light wave dur-
ing mechanical impact on the OF. The principle of operation of the data processing unit is
based on controlling the changes in the properties of the light wave passing through the
OF, followed by the analysis of changes in its intensity. The laser beam passes from the
radiation source through the optical splitter (OS) and connecting patch cord to FOSS.

The OF ends diverge inside the ferrule and form additional losses in the event of a
displacement, which leads to changing the intensity of the light spot incident on the sur-
face of the photomatrix.

Multiple plastic sheaths and Kevlar thread were used to better protect the optical
fiber from mechanical damage. This thread protects the fiber from breaking. The optical
fiber was coated on top with a layer of acrylic varnish 100 microns thick, then a plastic
sheath 0.9 mm thick and an additional sheath with a diameter of 3 mm were placed. This
scheme for protecting the sensor from mechanical damage has been tested many times in
practice and is quite effective. In the future, it is planned to improve this scheme by using
protective metal armored sleeves located from the sensor to the data block. This protection
scheme is more effective and applies to many different external factors (weather condi-
tions, animals, natural disasters, etc.) in comparison with existing protection schemes. At
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the same time, an alarm is triggered if the fiber-optic patch cord is damaged. It is built into
the system to check the functionality of the sensor. Because quarrying takes place in open
areas away from residential areas, wild animals may be nearby and cause damage, for
example, foxes may chew through the fiber-optic patch cord.

2.2. Hardware and Software

The light spot contains a significant amount of noise, and the amount depends on the
laser radiation stability and the ambient temperature. The OF has a stepped profile of the
light spot, obeying the Gaussian distribution. The principle of data processing is to ana-
lyze the change in the profile of the light spot against the background of OF noise. Under
mechanical action on the OF, the picture changes dramatically, which is perceived by the
program, while the noise pollution is not taken into account. Great importance is given to
the hardware-software complex for data processing, which is able to exclude temporal
fluctuations and track the rate of changing the transition of pixels from black to white.

The hardware part of the system for monitoring the technical condition of the terri-
tory for mining operations using FOS was built on the principle of an open architecture
and consists of three main parts: a coherent optical signal generator (laser), a FOS and a
computing device that has the functions of receiving, processing and transmitting the data
(Figure 5). Moreover, for the first two, well-known instruments were used, and the third
part was built for the intellectual analysis in order to optimize the measurement process
and costs.

1

Figure 5. Structural diagram of the monitoring system.

The first part of the system generates an optical signal. When propagating through
the OF, it changes its properties. As a result, the pattern of the light spot incident on the
photomatrix also changes. The number of pixels in the picture was chosen as the parame-
ter under consideration. The second part measures the number of pixels of the light spot,
the nature of which changes when exposed to the OF. As a result, a digital signal is gen-
erated at the output of the measuring part, which is then processed by the third part. The
displacement value is determined, which is displayed on the program screen based on the
obtained data.

The image of the light spot at the output from the OF, shown in Figure 6, has a more
illuminated region in the middle (1), in the interface (2) and in the region of losses emerg-
ing through the fiber cladding (3). A transition region is formed at the boundary, in which
noise fluctuations are most clearly observed. These fluctuations can cause a violation of
the adequacy of the obtained measurement data and cause a significant error in the ob-
tained values.
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Figure 6. The program’s appearance.

Software was developed in order to control the displacement parameters and to pro-
cess them intelligently for improving the accuracy and reducing the likelihood of false
alarms. The intelligence of the system lies in its ability to learn on the basis of the mechan-
ical effects exerted on the FOS and make a decision on a warning alert about a possible
violation of the integrity of the technological object. Moreover, it is possible to control the
technical condition of up to several thousand reference stations simultaneously. However,
the proposed algorithm is very complex. Thus, the cost of the device of the monitoring
system is increased. It should be noted that the price also includes many years of research
work. As a result, the fiber-optic monitoring system (FOSM) generates a fairly high cost.

An important factor is also that the mining safety control system in open pits is cur-
rently not equipped to use more than four physical channels. The main reason for this
shortcoming is limitation of the computing power of the computer and the performance
of the video card. Moreover, the physical number of channels is limited to four due to the
limited computing capacity of the computer and the performance of the video card, as
well as the created program algorithms, but in the future, their number will be increased
to the real needs of the enterprise. Increasing the number of channels will definitely in-
crease the cost, primarily due to increasing the length of the fiber-optic control cables, but
safety issues are a higher priority.

The software for the open pit monitoring system for mining monitors the displace-
ment of the pit walls is based on changing the number of pixels. The useful signal is sep-
arated from interference and noise generated by various impacts based on the developed
algorithm, for example, temperature changes, as well as mechanical vibrations caused by
the operation of equipment or people; moreover, when using the machine learning tech-
nology based on new data obtained during operation, the system learns, reducing the er-
ror of determination.

The hardware-software complex is able to track the rate of change in the derivative
of the light wave intensity in time, as well as changes in the shape of the spot and the
transition of pixels from white to black.

The system can also stepwise change its sensitivity. Initially, it is set to the maximum
sensitivity to control the initial displacements and to give warning signals to the operator,
after which the parameters are automatically coarsened for accurate fixing the displace-
ment and eliminating false measurements.

The system is able to control changing rock pressure and displacements of roof rocks
by changing the level of additional losses and changing the intensity of the light wave
incident on the surface of the photodetector. Intelligent processing of the spot image
makes it possible to track changes in the intensity of individual pixels. Figure 7 shows a
window with images of light spots in a calm and disturbed state under mechanical action
on the FOS. On the computer screen, it can be clearly seen how the light spot changes,
especially at the interface between the core and the cladding of the OF. The light falling
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Figure 7. Plot obtained from the developed software.

The noise negatively affects the measurement process, but the program monitors the
dynamics of changes in the shape of the light spot and is able to separate fluctuations
caused by external factors, such as thermal effects on the OF, from useful signals. The
operation of the system is partially based on the effect of photoelasticity and changing
additional losses during mechanical action on the OF.

The program has several windows for configuration and operation. During opera-
tion, the screen displays not only the numerical values of the load, by which the displace-
ment is calculated, but there are also the signal indicators of green, yellow and red colors,
which are needed to warn of danger or vice versa about the normal operation of the sys-
tem. With a sharp fluctuation in pressure and increasing the displacement parameter, a
warning signal is given, and a yellow indicator turns on, indicating that the roof rocks
have begun to move due to increasing rock pressure.

3. Results

The experiments were carried out by two methods. The first method controlled
changing the intensity of the light spot and changing the pixel pattern when a displace-
ment occurred.

The number of the pixels increased as the OF diverged (Figure 8).
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Figure 8. Changing the number of spots with displacement of the optical fiber ends: (a) position 1;
(b) position 2.

The plot of the number of pixels dependence on displacements is shown in Figure 9.
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Figure 9. Number of pixels dependence on displacement.

To improve reliability of the results, they were verified by the second method, which
consists of controlling additional losses using an optical power meter. When a displace-
ment occurred, increasing additional losses was recorded. In both experiments, an almost
linear dependence was obtained, which made it possible to construct a sufficiently accu-
rate sensor for measuring displacements depending on the change in the properties of the
light wave passing through the fiber core when their ends diverged inside the optical fer-
rule.

A plot of optical loss versus displacement is shown in Figure 10.
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Figure 10. Optical loss dependence on displacements.

An automatic approximation of the experimental results was carried out, and it was
found that the best mathematical model for numerical optimization is a linear approxima-
tion of the measurement results. As a result, the laboratory sample of the fiber-optic sensor
showed a fairly high degree of linearity. An absolute error of 2.31, a relative error of 6.21%
and a Student’s coefficient of 2.120 with a confidence interval of 0.94 were calculated based
on the measurement results. The hardware and software complex was designed to moni-
tor rock displacements and crack expansions by such a parameter as an increase in addi-
tional losses in FOS, which is converted into a change in the number of pixels. The larger
the offset is, the more white pixels are generated, so the calculated accuracy satisfies the
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production requirements. It is important to control not only the exact numerical parame-
ters of its expansion but also the growth of the crack. Measures to improve the accuracy
of measurements with modification of designs to reduce the influence of external interfer-
ence on their operation will be taken in further experiments.

A fiber-optic quarry collapse prevention monitoring system was installed at the Ken-
zhem quarry of AK Altynalmas JSC (Kazakhstan) for testing (Figure 11).

Figure 11. Implementation of a monitoring system in production.

Currently, this enterprise uses only mechanical monitoring and visual inspection
methods with the participation of surveyors without the use of expensive equipment. At
the moment, the sensors and control systems developed by the authors are undergoing
comprehensive industrial tests, based on the results of which detailed schemes for the
expanded implementation of data from fiber-optic rock condition monitoring systems will
be developed, which is the subject of future research.

4. Discussion

According to the results of the experiments, an automatic approximation was carried
out; the best mathematical model was a linear approximation. As a result, the laboratory
sample of the fiber-optic sensor showed a fairly high linearity. The absolute error of 2.31,
the relative error of 6.21% and the Student’s coefficient of 2.120 were calculated with the
confidence interval of 0.94 based on the measurement results.

5. Conclusions

The aspects of developing systems for monitoring the technical condition of opencast
mines were defined, as well as other extended objects in the course of the study. The up-
dated solutions related to this topic were analyzed. There are known methods of deter-
mining the displacement of stone slabs using FOS and methods of reflectometry and in-
terferometry. Moreover, the use of artificial intelligence technology makes it possible to
increase the measurement accuracy of FOSs.

The main idea of using systems for monitoring the technical condition of rocks based
on fiber-optic mechanical displacement sensors is aimed at reducing the cost per measur-
ing point. Currently, the cost of electronic displacement sensors is quite high, and many
companies carry out monitoring using mechanical reference stations, as well as visual and
instrumental observations with the participation of surveyors. The cost of the developed
sensor is not much higher than the cost of the reference station, but at the same time, it
allows for remote monitoring. The proposed sensors are a good alternative to expensive
methods that use ground penetrating radar or satellite geoscanning.

The proposed solution based on a DFOS operating according to a new method and
artificial intelligence makes it possible to solve the production safety problems of mining
operations at the Kenzhem open pit of the Altynalmas JSC (Kazakhstan). The violation of
the integrity of stone slabs cannot only be determined, but possible emergency situations
can also be predicted. The use of FOMS of a distributed type will allow for the remote
controlling stability of the pit walls in real time. The obtained results of the laboratory
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studies allow us to state that the developed FOS has a fairly good linearity of characteris-
tics and low power consumption at a distance of 30+50 km compared to electrical meas-
uring systems. Developing the own circuit solutions and hardware and software complex,
as well as the use of standard telecommunications equipment, radiation sources, photo-
detectors, fiber-optic cables and connectors can significantly reduce the cost of FOSM as a
whole.

This development is universal and can be applied to any mining enterprises, regard-
less of the structure and properties of the rocks. The cost of one sensor, which makes it
possible to monitoring a working area up to 3 m wide, is approximately USD 150; the cost
of the hardware and software complex is about USD 2000. Connecting up to 16 sensors is
possible to one hardware and software complex. The number of sensors depends on the
width of the face where the mining equipment operates and ranges from 16 to 32 sensors
with a working area of about 100 m, depending on the conditions. In the future, it is
planned to improve the designs of sensors and algorithms of the hardware and software
complex, which will reduce the cost of the system during mass production.

Unlike the existing solutions, the proposed one has an error of 6.21% at a relatively
cheap cost. Further studies will consider improving the system to increase the number of
physical measuring channels, as well as optimizing the computational processes.

When developing a fiber-optic quarry collapse prevention monitoring system, a va-
riety of criteria were used, which can vary depending on the specific application, context
and requirements. However, there are some fundamental criteria that are usually taken
into account: continuous monitoring of changes in deformation that lead to displacement
of the rock mass and the development of cracks and prevention of possible pit wall fail-
ures. One of the main advantages is the system’s ability to provide accurate results in
laboratory tests or in real mining conditions.

Unlike existing monitoring systems, the implemented fiber-optic monitoring system
for preventing quarry collapses is an inexpensive and simple solution, characterized by
low cost and ease of operation (replacement, repair and modernization). The developed
theoretical foundations of optoelectronic processes in an optical fiber loaded with external
mechanical influences will make possible in the future to develop a universal hardware-
software complex that allows one to study properties with a high degree of mathematical
accuracy and predict various mechanical rocks changes (deformation, destruction, etc.) in
a wide range of temperature parameters and mechanical stresses for various kinds of min-
eralogical structures operating in extreme conditions. The system makes it possible to
monitor rock displacement readings remotely and with the help of GPS navigation meth-
ods and is characterized by lower economic costs compared to existing systems. The sys-
tem is more energy efficient and operates on the basis of energy-saving electrical elements
in the form of solar panels. The use of fiber-optic sensors is less economically expensive
and more environmentally friendly, in comparison with existing control and measuring
systems based on electronic sensors, characterized by the rather high cost of laying a sep-
arate cable line and the need for rather expensive measures to move the face and dismantle
the power supply.
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