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THE WORKING ROOF ROCK MASSIF DISPLACEMENT CONTROL SYSTEM

Abstract. This article discusses the issue of ensuring safety in coal mines using the fiber op-tic technology.
The authors describe the developed fiber-optic sensors capable of monitoring and warning about mine
working roof displacements. A detailed analysis of the use of such devices in the world has been presented,
the ad-vantages and disadvantages of the existing control systems have been revealed. The design of a fiber-
optic sensor is similar to a typical reference station, the de-sign of which is quite simple and proven, but the
fundamental difference is the use of a single-mode fiber as a sensor. The authors have developed a laboratory
bench that allows working out the design of a fiber-optic sensor and studying its parameters.

Based on the research results, a graph of the dependence of optical losses on the displacement value has
been obtained, an automated data approximation has been performed, and single-factor mathematical models
have been obtained. The sensor has shown fairly good linearity. Relatively high accuracy and linearity of
characteristics are achieved through the use of specific software that allows com-bating the interference
and exclude random values from the measurement results. The program uses the capabilities of artificial
intelligence with elements of ma-chine learning. The developed fiber-optic sensor and information-measuring
sys-tem have proven their efficiency and will be further implemented in one of the mines of the Karaganda
coal basin.

Key words: Fiber optic sensor, monitoring system, opencast mining, safety, mining, optical fiber,
deformation, displacement.

Introduction. The safety issues of mining operations have always been extremely acute. In recent years,
due to the expansion of depth and scale, mining has deepened, and the task of preventing man-made acci-
dents and exercising control has become more complicated. Deformation of the roof layers in the course of
mining is the main cause of methane explosion, water injection and roof collapse during un-derground coal
mining. At present, the methods of predicting changes in the geotechnical parameters of a mine working are
reduced to the work of the mine surveyor service. In their arsenal there are a number of tools that allow visual
determining the roof displacement.

One solution to this problem can be the use of fiber optic sensors (FOS) that have the ad-vantages of signal
transmission over long distances and provide safety, which allows them working in explosive environments.
Compared to the traditional monitoring methods, the use of fiber optic sen-sors has many advantages, such as
a small size and a light weight; flexibility; a high throughput; relia-bility and a low cost; strength; immunity
to electromagnetic interference and electrical noise. Given the high sensitivity and wide range of operating
temperatures, the ability to remote and comprehensive monitoring, it can be concluded that using fiber-optic
technologies in coal mines can solve several problems [1, 2].

An idea has been put forward to develop domestic fiber-optic rock pressure sensors and fiber-optic control
systems to improve the safety level of mining operations, as well as to automate the pro-cess of rock pressure
control and various rock displacements in underground workings. At the mo-ment, at the mining enterprises,
reference stations are used that were developed in the times of the former USSR. The design of the reference
station does not allow for automated and remote control over the change in the measured parameters. To
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control them, specialists from the mine surveyor ser-vice are involved, who periodically walk through all
reference stations and enter all changes in the log, after which the data is analyzed. There is a human factor in
the measurement system, which gives rise to certain difficulties in circumvention and inaccuracies in the data
obtained. It should also be noted that the design of the reference station does not provide for a return to the
initially set value of zero, which also introduces certain errors in measurements. The analysis of works [3-5]
shows that this problem is quite acute and partially solved. Reliable in design and not expensive fiber-optic
control systems have not yet been developed abroad. However, there is a significant amount of information
of foreign research aimed at developing such systems [6-9], separate prototypes have been developed that are
not accepted for production. A large share of research in these areas belongs to scientists from China and India
[10-14]. Scientists from Russia [15-17] also carry out similar studies but there are no commercially available
systems. An important point is their high added value, so, the search for solu-tions aimed at simplifying and
reducing the cost is relevant. Developing our own software for the hardware and software complex will also
reduce the cost of the system as a whole.

2 General issues of developing fiber-optic sensors of the roof rock massif displacement.

This article discusses the issues of developing fiber-optic sensors of the roof rock massif displacement
(FODS). A FODS should have a simple in design and the cost lower than present day reference stations,
which is very important for its implementation. The design of the reference station, which has been used for
decades, and the proposed FODS have a number of common elements, as well as a number of fundamentally
new differences that make it possible to bring the process of controlling the roof rock massif displacement to
a new level. A FODS does not have complex technological details in its design and can be manufactured on
the territory of Kazakhstan by the forces of factories serving the mining industry. A single-mode optical fiber
is used as a sensing element. Figure 1 shows the FODS design. The use of single-mode optical fiber makes
it possible to solve a number of fundamentally important problems. Firstly, a FODS is energetically passive
and does not require electric power supply, which makes it possible to use it in any underground workings
including those in supercategorized mines of the Karaganda coal basin, which are dangerous due to a sudden
methane and coal dust outburst. Secondly, a single-mode optical fiber allows transmitting the measurement
data over distances of more than 100 km with minimal attenuation parameters, which cannot be afforded by
any of the existing electronic information and measurement systems using a wired or wireless directing data
transmission system. Thirdly, a single-mode optical fiber is used as a guiding system for transmitting the
measurement data and as a sensing element at the same time. Given the rapid growth and development of
fiber optic technologies, an optical fiber is getting cheaper in the market every year and its cost is lower than
$ 10 per kilometer. The cost of the other components, for example, lasers, photodetectors, optical splitters and
circulators, from which a fiber-optic system for identifying the geotechnical state is subsequently assembled
is also reduces annually. The concept of building a fiber-optic system for identifying the geotechnical state
implies complete rejection of the power supply to sensors located in the underground mine workings, all
the information is brought to the surface to the operator’s pulp using a fiber-optic cable. The most science-
intensive part of the fiber-optic system for identifying the geotechnical state is the optoelectronic unit for
processing the measurement data, which has a hardware and software complex using the principle of artificial
intelligence in data processing, which allows avoiding a number of technical problems with the measurement
accuracy, as well as reducing the effect of temperature noise arising in measuring channels. Earlier these
problems were considered in some detail and their nature was described in works [18-19]. Previously, a
similar FODS based on the method of determining additional losses was considered; in essence, this sensor is
simple in design and reliable in operation but it requires two fiber-optic conductors, a forward and a reverse
branch, to supply and to return a light wave that passes through the sensor from the laser to the photodetector
[20]. Using this method, it is possible to develop a point control system with the use of separate channels
for each FODS, but there is a certain problem: if a mining enterprise has several hundred FODS, then a
significant number of cores and length of fiber-optic cable will be required, since one sensor requires two
conductors, which will increase the cost of the system as a whole. Foreign developers propose to use the
optical interferometer method, but this does not reduce the number of optical conductors suitable for FODS
and even increase them; there are also problems of the optical interferometer associated with the effect
of temperature interference formed with a significant length of the optical channel. Accordingly, changing
the temperature even by 0.5 degrees C will lead to changing the refractive index, a shift in the phase of
propagation of a light wave and a drift of “zero”. This problem is described quite well in work [20]. Foreign
authors give a description of laboratory experiments related to the development of fiber-optic pressure and
displacement sensors based on the effect of reflection of a light wave from Bragg gratings, but there is no
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need to talk about the immediate future of implementation, since the optical spectrum of the analyzer is used
in the work, the cost of which is sufficient high. It is still possible to use the method of optical reflectometer,
but the cost of an optical reflectometer remains quite high. Accordingly, on the scale of a mining enterprise
and multichanneling, significant material investments will be required. Considering the above, a hypothesis
was put forward for the development of a FODS based on the control of the parameters of the reflected light
wave. To connect one FODS, only one optical conductor is used, through which a pulse is supplied from the
radiation source and returns back to the data processing unit, where the photodetector is located, which is
used as a television matrix. Then, the resulting image is processed by the hardware-software complex and the
measured parameters of the displacement are formed.

Figure 1 — The reference benchmark design with a FODS

The design of the FODS has much in common with a typical reference station, the design of which is
quite simple and proven, but the fundamental difference is the use of a single-mode fiber as a sensor. With
changing rock pressure and occurrence of displacements of layers in the working roof, a mechanical effect on
fiber-optic sensor 1 occurs, this effect is carried out when spring retainer 2 is displaced, this retainer is placed
in a certain area of the hole drilled in the working roof to fix the position of cable 4. The cable is attached
to pin 5 by means of lug 6. Fiber-optic sensor 1 is located between steel washer 7 and elastic elements 8 on
one side and on the other with steel washer 9. The light wave arriving along optical fiber 10 passes through
sensitive element 1 and returns to the photodetector in the opposite direction reflected from mirror 11. To
connect FODS there is used adapter 12 (UPP 2.5 mm) and optical connector 13 of the SC type. When acting
on optical sensor 1, the intensity of the reflected light wave changes, which is fixed by the photodetector. The
resulting changes are further processed using software. When the rocks of the working roof move, spring lock
2 is displaced and acts on sensitive element 1, which is located between washer 7, elastic elements 8 and steel
washer 9, which leads to the mechanical effect on sensitive element 1.

The light wave pulse reflected from the mirror passes through sensitive element 1 and returns back to
the photodetector of the data processing unit. This design of the FODS allows developing an already quasi
- distributed control system. It is possible to use one optical fiber per FODS group, since it is possible to
control not only the parameters of changing the intensity of the reflected light wave but also to determine
the distance to the control point using the Doppler effect. Each FODS will output individual parameters
of the change in the intensity of the pulse of the reflections of the light wave, the change in contrast and
the pixel pattern, so that it can be identified for recognition. Four FODS will be installed on one optical
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channel. Achieving these indicators is possible when using a four-channel hardware and software complex
that uses in its work the analysis of parameter changes with the use of artificial intelligence algorithms and,
in particular, with establishment of the weight coefficients of each parameter and their analysis using a neural
network. This will significantly reduce the cost of the control system, since there is no need to use expensive
equipment to implement the Bragg grating effect and optical reflectometry methods for identifying FODS
in a quasi-distributed scheme. The leaders in this field are scientists from China, who in 2020 tested their
distributed fiber-optic displacement monitoring system in field [21]. After analyzing their results, we can say
that, of course, a fiber-optic quasi-distributed system has a larger number of optical conductors compared to
a distributed system based on Bragg gratings, but it will be simpler in its design and less expensive in terms
of the equipment used, which can be decisive in making decisions on its implementation in the coal mines of
the Karaganda coal basin.

Statement of the problem, methods of studying and results. The problem is carrying out experiments to
refine the design of the FODS and to verify the previously advanced hypothesis about the use of the analysis
of the reflected wave incident on the surface of the photodetector. A laboratory bench has been developed
that allows working out the design of the FODS and studying its parameters. Figure 2 shows that the bench
consists of laser source 2, the power of which can be varied from 10 to 50 mW with the wavelength of 650
nm. The bench consists of metal frame 1 with elements that simulate the tension of the cable when the rocks
of the roof are displaced. When the cable is pulled, the pin moves, thereby exerting an effect on the sensitive
element (see Figure 1), which is located between the washer and the elastic element. To record changing the
intensity of the reflected light wave of the television matrix, webcam 3 with resolution of 1080P has been
used. The results of the experiments are presented in the graph of dependence in Figure 3.

Figure 2 — The laboratory bench of the information-measuring system with the sensor of the roof
displacement: 1 — metal frame with elements, 2 — laser radiation source, 3 — web camera

The results obtained are explained by the inverse relationship existing between the value of the elasticity
coefficient: the greater the number of optic finer turns, the lower the elasticity coefficient. Experiments have
been carried out to determine the additional power losses of the optical fiber passing through the fiber-optic
sensor with various displacements. The displacement values have been measured many times with subsequent
processing of the experimental data and averaging of the obtained values. The experimental results have been
processed taking into account the smallest value of the Akaike information criterion; the best option has been
selected by approximation of the second degree, at which the de-termination coefficient R> = 0.9705. As a
result, the laboratory sample of a fiber-optic sensor have shown fairly high linearity, changing the parameters.
In addition, the results suggest that it can definitely be a high-precision sensor. Subsequently, on the basis
of the laboratory sensor, it is possible to work out a sensor for monitoring the displacement of the pit walls.
According to the measurement results, there have been calculated the absolute error of 2.27, the relative error
of 8.844 % and the Student’s coefficient of 2.120 with the confidence interval of 0.94.
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Figure 3 — Optic losses dependence on the displacement value

A personal computer with software was used to process the measurement data. A single-mode optical
fiber of the G652 125/9 microns standard and the protective sheath diameter of 0.9 mm has been used as a
sensitive element. For connection, UPP adapters 2.5 mm and SC type optical connectors have been used. The
calibration of the laboratory sample has been performed using a VIAVI (JDSU) SmartPocket OLP-38 optical
power meter and an optical radiation source using SmartPocket OLS-34/35/36. These devices are used to
control the parameters of additional losses of fiber-optic transmission lines. An electronic dynamometer has
been used to measure the magnitude of the mechanical load. The boundary conditions have been as follows:
pressure on the fiber from 0 to 50 N. The displacement has been measured with a ruler. The temperature in
the laboratory room has ranged from 23 to 25°C. As a result of automated data approximation, one-factor
mathematical models have been obtained. Each measurement has been carried out 10 times. The numerical
study has been carried out using the Wolframalpha program, which is an interactive system of processing
experimental results and is focused on working with data arrays. The data processing methods used by
Russian scientists have also been used [22-24].

The developed FODS has shown fairly good linearity of characteristics. Relatively high accuracy and
linearity of characteristics are achieved through the use of specific software that allows combating the
interference and exclude random values from the measurement results.

Figure 4 shows the interface of the developed four-channel hardware and software complex capable of
simultaneous working with four FODS but the number of channels in the future will be increased to 120,
which is quite sufficient to control the bottomhole roof. With the help of the hardware and software complex,
it is possible to determine not only changing the additional losses but also the dynamics of their changing
in real time. A number of alarm settings are available to expand the measurement capability. It uses the
capabilities of artificial intelligence with elements of machine learning and setting the weighting coefficients
of each parameter for analysis by the neural network. In the event of dangerous situations, the hardware and
software complex gives a warning sound signal, and all alarm events are stored in the device memory.

Only one FODS has been used in the experiments and its parameters have been displayed in the program
window. The hardware and software complex is capable of responding with a high speed to changes in the
measured value and displaying the numerical value of all the parameters. The program independently performs
the temperature correction and adapts the measuring channels to changes in the external temperature. The
lower window marks the coverage area in which the FODS is located. The program also allows making
various settings to improve the measurement accuracy. An important point is the ability to send an alarm
signal to the operators in the event of a rapid change in the pattern of rock pressure and the emergence of the
sudden collapse of the mine workings danger.
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Figure 4 — The system software interface.

Conclusions. The laboratory studies of the fiber-optic roof displacement sensor and the four-channel
hardware-software complex proved consistency of the proposed scientific idea of their use; the FODS also
possesses sufficient workability and linearity of characteristics. The rock pressure monitoring system based
on fiber-optic technologies will not only improve the safety level of mining operations but also reduce the
costs of supporting mine workings in general.
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KA3BAJIAP KAIIITAJIAPBIHBIH TAY-KEH MACCHUBIHIH bIFBICYbBIH
BAKBLIAY )KYUECI

AnHoTamus. Byn Makananga TalIbIKThI-ONTHKAIBIK TEXHONOTHSIIAPABI KOJJAHa OTBIPBIN, KOMIp
IaxTalapblHAa KayilcCi3mikTi KaMTaMachl3 €Ty Mocereci KapacThIpbuiafbl. Makamana ajgam KbI3METIHIH
OPTYPIl canajapbiHia TAIIIBIKThI-ONTHKAIBIK CCHCOPNAp/bl Maiiianany ToxipuOeci TalIaHbIM, ONaP/IbIH
ApTHIKIIBUIBIKTAPBI atan oTUIAl. TallIbIKThI-ONTUKAIBIK CEHCOPJIAP KOJJIAHBICTAFbI aCMaNThIK 9JiCTepre
KaparaHJla Tay-KeH IIaThIPbIH THIMJI OacKapa ajaabl. ©OJieMJe OChIHAal KYPbUIFbLIAPIbI Al alaHyIbIH
erKeU-TeKeMIi Taniaybl VCBIHBUIFAH, KOJJIAHBICTAFbl 0AacKapy >KYWENEpiHiH apThIKIIBUIBIKTAPl MEH
KEMIITIKTEPl aHbIKTaNFaH. TallIbIKThI-ONTHKAJIBIK CCHCOP/IBIH JAU3aliHbI CTAHAAPTTHI TIPEK CTAHIUSICHIHA
yKcac, OHbBIH JU3aiHbI 6Te KapanaibM jKOHE TEKCepUIreH, OipaK HEri3ri albIpMalIbUIbIK CEHCOpP PETiHje
Oip peKUMJII TANIIBIKTBI Maiganany OOJbIN TaObUIAABI. TaIIBIKTBI-ONTHKAIBIK CEHCOPABIH JAU3aiHBIH
yKacayFra JKOHEe OHBIH MapaMeTpiepiH 3epTTeyre MyMKIHJIK OepeTiH 3epTXaHalbIK CTEeH] Kacallabl. 3epTTey
HOTHXKeTepi OONBIHINA ONTUKAIIBIK IIBIFBIHAAP/IBIH OPBIH AyBICTHIPY MIAMAChIHA TOYCSIAUTIK rpadUri ajbIH/IbI,
JIepeKTEeP/IiH aBTOMATTaH ILIPBLIFaH )KYBIKTAYbl )KYPTi3ii xoHe Oip (pakTopiabpl MaTeMaTUKaIbIK MOJIEIb ISP
anbIH b1, CeHCOop KaKChI CI3BIKTHI KOpCeTTi. CUMaTTaMaliap/iblH CAlILICTHIPMAIIBI TYPJIE JKOFaphl AJIr MEH
CBI3BIKTBIFBIHA KEACPTIIEPMEH KYPECyTe JKOHE OJIIIey HOTHKEICPIHEH Ke3IeHCOK MOHAEP/II allbIl TacTayFa
MYMKIHIIK OEpEeTiH HaKThl OaFaapiiaMablK KacaKkTaMaHbl KOJIJIaHy apKbLIbl KO JKeTKi3Ual. barnapiamana
MarmmHaiblK OKBITY AJIEMEHTTEpi Oap »KacaHIbl WHTEIUIEKT MYMKIHMIKTEepi KOJJIaHBUIAAbI. O3ipJeHreH
TaJIBIKTHI-ONITHKAJIBIK IATUYHK KOHE aKIapaTThIK-eJIIIIeY JKyHeci ©31HIH THIMIUTITIH JOIIeN e/l )KOHE alIaFbl
yakpITTa Kaparanmbl keMip OacceifHi maxTanapblHbIH OipiHJIe eHT1311eTiH O0Ia bl
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CUCTEMA KOHTPOJISI CMEIEHHSA 'OPHOI'O MACCHUBA
KPOBJIN BBIPABOTOK

AHHoTanusa. B naHHON cTarbe paccMaTpuBaeTCsi BOIPOC OOecreueHHsi 0E30MacHOCTH Ha YTONBHBIX
IIaxTax ¢ UCIOJIb30BAHUEM BOJIOKOHHO-ONTUYECKUX TEXHOJIIOTUH. ABTOpaMHU ONHCHIBACTCS pa3pabOTaHHBIHN
BOJIOKOHHO-OTITUYECKUH JIaTUYMK, CITIOCOOHBIN OTCICKUBATh U MPEIYPEXKIATh O CMEIIEHUU KPOBIH TOPHBIX
BbIpaboToK. IlpeacraBieH MmoapoOHBI aHAJIN3 UCIONB30BAaHUS MMOMOOHBIX YCTPONCTB B MHpPE, BBISBICHBI
JIOCTOMHCTBA U HEJOCTATKU CYIIECTBYIOIINX CUCTEM ympaBieHusa. KOHCTpyKIHS BOJTOKOHHO-ONTHYECKOTO
JlaTYMKa aHAJIOTUYHA TUIIOBOM OMOPHOM CTAaHLIMM, KOHCTPYKIMS KOTOPOM JOCTATOYHO MPOCTa U MPOBEPEHA,
HO MPUHUUNHUAIBHOE OTINYHUE 3AKITIOYAETCS B UCIIOJIb30BAaHUU OJITHOMOZOBOTO BOJIOKHA B KAYECTBE JIaTYUKA.
Co3nan 1a00paTOpHBIN CTEH/, MO3BOJISIFONINA OTPab0TaTh KOHCTPYKIIHIO BOJIOKOHHO-ONTUYECKOTO JaTYNKa
Y TIPOBECTH UCCIIEIOBAHUE €ro napameTpoB. [1o pesynbraTtam ucciieoBaHui Moiay4eH rpaduk 3aBUCHMOCTH
ONTHUYECKUX TMOTEPH OT BEIMYMHBI CMEILIECHMS], MPOBEJEHAa aBTOMATU3WPOBAaHHAs aIlllIPOKCUMALIMS JIAHHBIX
M TIONydeHBl ONHO(AKTOpHbIE Maremarndeckue wMojenu. CeHcop TMoKa3ald HeIIOXyH JHHEWHOCTD.
OTHOCHTENBHO BBICOKAas TOYHOCTh M JMHEWHOCTh XapaKTEPUCTHK [OCTHTHYTa ITyTEeM HCIOJIH30BAHUS
crenu(puIecKoro MporpaMMHOTO OOeCTieueH s, TO3BOIAIONIET0 OOPOThCS C TMOMEXaMH M HCKIIOYaTh U3
Pe3yJIbTaToOB U3MEPEHUM CilydailHble 3HaueHUs. B nmporpamme Ucnosib30BaHbl BO3MOXKHOCTH UCKYCCTBEHHOTO
WHTEIJIEKTa C DJeMEHTaMH MalluHHOTO o0ydeHus. Pa3paboTaHHBI BOJOKOHHO-ONTHYECKHU JaTIUK
1 UHPOPMAINMOHHO-U3MEPUTENIbHAS CHCTEMa JI0OKa3all CBOIO A(PQPEKTUBHOCTh W B JalbHeHmeM OymyT
BHEJIPEHBI Ha O/THOM 13 maxT KaparaHauHCKOTo yroiapHOTO OacceiiHa.
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