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The article presents the results related to developing and practical testing the method of monitoring the stress-
strain state of steel structures of mine hoisting machines. Certain positive properties of optical fibers make it possi-
ble to use them for measuring the stress-strain state of steel structures. An optical fiber of the ITU-T G.652.D stan-
dard is used as a sensor. The analysis and review of the current state of development of fiber-optic conductors is
performed. The proposed method of non-destructive testing the stress-strain state of metal structures is capable of
providing continuous measurements in real time. The proposed method is universal and suitable for monitoring the
stress-strain state of any metal structures subject to fatigue failure.
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INTRODUCTION

Long-term service metal structures are subject to fa-
tigue failure. The practice has shown that over time op-
erational loads lead to the formation of fatigue cracks in
the body of mine hoisting machine (MHM) brake de-
vice steel. There is an industrial problem associated
with controlling fatigue failure of steel structures of
MHM.

This problem has already been described earlier in
work [1] on the example of the Arcelor Mittal metal-
lurgical company. The statistical data given in [1] form
the relevance of research aimed at developing methods
to combat fatigue failure of metal structures.

There is some positive experience of using strength-
ening elements in practice. The use of strengthening
elements makes it possible to eliminate the consequenc-
es of fatigue failure and to restore steel structures
strength. As time passes, in metal structures accidental
hazardous destruction zones are formed. They can lead
to complete destruction of the structure, which entails
the development of a dangerous emergency situation
[1]. To prevent the threat of metal structures sudden de-
struction, non-destructive testing methods are used that
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help to identify timely hidden fatigue cracks and to take
measures to localize them [1].

LITERATURE SOURCES ANALYSIS

The basis of this article is the experience in the de-
veloping methods of combating fatigue failure with the
use of strengthening elements. The process of fatigue
crack development in metal structures was analyzed
[2]. The mechanism of fatigue failure of structural steel
is described in detail in work [3], as well as the under-
standing of the basic laws of fracture mechanics when
calculating strength and reliability of metal structures
[4]. Itis important to assess the achievement of the lim-
iting state of structures in the event of emergency [5].
An important point is non-destructive testing as the
main method of finding cracks in steel structures. There
was studied the experience of assessing the performance
of metal structures with cracks [7]. Optical fibers (OF)
have found wide use as various sensors [8]. There is
some positive experience of using it in coal mines to
control the roof of working deformation [9, 10]. The
stages of development of fiber optic technology are de-
tailed in [11]. All the above sources helped to develop
methods of monitoring the stress-strain state (SSS) of
steel structures for their subsequent strengthening in
places of fatigue failure.

SELECTING THE METHOD OF STEEL
STRUCTURE STRESS-STRAIN STATE
CONTROL

The method to combat fatigue failure proposed in
[1] is not limited to the design of the mine hoisting
brake beam and can be used in the repair of any metal
structures. The previously published article [1] does not
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include materials related to the control of the metal
structure SSS with the use of optical fiber. Fiber optic
technologies are rapidly developing and are widely
used in information processing and transmitting sys-
tems. Certain positive properties of optical fibers make
it possible to use them not only as a means of transmit-
ting information in telecommunication systems but also
as a tool for non-destructive testing of metal structures
[8, 9]. Continuous monitoring of the stress-strain state
of metal structures allows timely identifying the emer-
gency-hazardous destruction zones. OF allows control-
ling the deformation of the steel structure with high ac-
curacy and the lowest energy consumption. Using an
optical fiber as a sensor, it is possible to build a distrib-
uted system for monitoring the stress-strain state of
metal structures [9, 10]. Unlike strain gauges that are
widely used to control the deformation of various ob-
jects, OF does not require transmitting electric current
through the conductors of the measuring channels.

It is not an electrical signal that is transmitted over
the optical fiber but a light wave. External mechanical
action on the optical fiber changes the properties of the
propagated light wave and principally, its phase and
length [9, 10]. Accordingly, if the OF is fixed on the
surface of a metal structure, then during its deforma-
tion, the OF will also be deformed. When the optical
fiber is deformed, the refractive index of light between
its core and cladding changes. The stronger the defor-
mation, the greater the additional losses in the OF. All
the changes are recorded by a television matrix, on
which the light wave is incident at the exit from the op-
tical fiber. Specially developed software is used to pro-
cess the obtained data. As mentioned earlier, fatigue
failure is typical for a wide range of mine equipment
designs, both for mining and transport purposes. The
selected method has been successfully tested. In the fu-
ture, it is possible to use optical fiber to control the
stress-strain state of various steel structures and to ex-
pand the scope of the selected method, as well as to
move from periodic control to the continuous monitor-
ing of the equipment structural parts technical condi-
tion.

PRACTICAL USE OF
THE METHOD AND RESULTS

The experiments involved the structures that passed
both the restoration stage and structures that were not
yet subject to fatigue failure. Figure 1 shows the options
for the OF placement on the side faces of the braking
device beam metal structure.

The optical fiber was placed on the side walls of the
brake beam in the accident-hazardous destruction
zones, which were determined on the basis of the exist-
ing experience. The optical fiber was fixed with epoxy
glue. The place where the fiber was located was pre-
liminarily cleaned of paint for better fixation. The mea-
surement diagram is shown in Figure 2. The device for
measuring mechanical stresses and strains was pre-cali-
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Figure 1 Variants of optical fiber placement on the side faces
of the braking device beam metal structure:
1 - ring for fastening the hub, 2 - braking device beam,
3 - optical fiber (sensor)

Figure 2 The measurement diagram: 1 - lateral edge of the
beam, 2 - optical fiber, 3 - optical fiber loop (sensor),
4 - connector, 5, 6 - optical patch cords,
7 - data processing unit, 8 - laptop

brated with the use of the ZET 058 measuring strain
gauge system.

An optical fiber of the ITU-T G.652.D standard was
used as a sensor. The OF diameter was 125 pm.

To protect against moisture and mechanical damage,
a protective acrylic shell is used. With the shell applied,
the total diameter was 245 pm.

This works in the following way: on surface 1, with
the help of glue, optical fiber 2 is preliminarily fixed
through which a light wave of the visible range with the
length of 650 nm is transmitted. The main measuring
element is loops 3 that, when surface 1 is deformed,
change their original diameter. Surface deformation is
shown by arrows. The sensor is connected by means of
detachable connectors 4, as well as optical patch cords
5 and 6 with data processing unit 7. The data processing
unit contains a laser radiation source that feeds a light
wave through patch cord 5 into the measuring channel.
Having passed through optical fiber 2 and loops 3, the
light returns to block 7, where it falls on the surface of
the television matrix, which fixes all the changes of the
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Figure 3 Optical fiber loop design (sensor): 1 - lateral edge
of the beam, 2 - optical fiber, 3 - optical fiber loop
(sensor), 4 - epoxy adhesive layer

Figure 4 The location of the sensor on the side surface
of the brake beam

light wave parameters. For data analysis, specially de-
veloped software installed on laptop 8 is used. The
number of measuring channels and measuring points is
practically unlimited but in the experiments 4 measur-
ing channels were used and accordingly, one light
source and four television matrices, one per measuring
channel. The optical fiber is glued in a special way to
the side edge of the beam. Loops with the diameter of 3
to 4 mm are formed. They do not stick to the surface of
the beam, which allows changing their diameter when
the surface is deformed (Figure 3).

If the surface is deformed, that is, stretched or con-
tracted, then the loop is also deformed, that is, it also
stretches or contracts, which causes changing the prop-
erties of the light passing through it. All the changes in
the additional losses of the light wave passing through
the optical fiber during its deformation are recorded by
the data processing device. Figure 4 shows one of the
options of placing sensors on the side surface of the
brake beam.

The results of measuring the stress-strain state of the
brake beam are presented in two graphs in Figures 5 and 6.

Depending on the growth of mechanical stresses and
deformation, the loss of optical power grows. The opti-
cal fiber is capable of detecting changes in the stress-
strain state of the brake beam with a sufficiently high
accuracy.

The relative error in the measurement of mechanical
stresses was 2,112 %, the Student’s coefficient was
1,092 with the confidence interval of 0,95.

The relative error in the relative deformation was
3,453 %, the Student’s coefficient was 1,899 with the
confidence interval of 0,95.
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Figure 5 Graph of the additional losses of a light wave growth
with increasing mechanical stresses of the beam

70
60 y =46,674x + 29,198 .
R*=10.9871
iy
50
g
<% -
@ =
&
L 30 &
El
o
E 2
10
0
1] 02 0.4 06 08
Relative deformation of the beam £/ %

Figure 6 Graph of the additional losses of a light wave growth
with increasing the relative deformation of the beam

DISCUSSION AND CONCLUSIONS

Using the OF, it is possible to develop a distributed
system for monitoring the stress-strain state of various
metal structures that works in real time. It is also possi-
ble to establish with high accuracy the places of occur-
rence of mechanical stress concentrators and to deter-
mine timely the zones of fatigue failure. The considered
method is universal and suitable for monitoring the
stress-strain state of any metal structures subject to fa-
tigue failure, for example, made of channel, 1-beam and
box-shaped steel sections.

Acknowledgements

The publications are based on the results of scien-
tific research carried out at the expense of the IRN No.
AP09562222 “Information-measuring system of a new
generation based on fiber-optic sensors” project (con-
tract 254/12-2, 15.07.21). Scientific research was car-
ried out using the laboratories of S. Sifullin Kazakh
Agro-technical University.

353



D V. VL YUGAY et al.: USING OPTICAL FIBERS (OF) TO CONTROL THE STRESS-STRAIN STATE OF STEEL STRUCTURES... s

REFERENCES

[1]

[2]

(3]

(4]

(5]

(6]

354

A. D. Mekhtiyev, F. N. Bulatbayev, A. V. Taranov, A. V.
Bashirov, Ye. G. Neshina, A. D. Alkina. Use of reinforcing
elements to improve fatigue strength of steel structures of
mine hoisting machines (MHM). Metalurgija 59 (2020) 1,
121-124

A. P. Makarov, Development of fatigue cracks in metal
structures of excavators. ISTU Vestnik 58 (2011) 11, 171-
174.

C. M. Bydzan, A. Yu., Panin, S. V. Durakov, Studying the
mechanisms of fatigue fracture of 20Kh13 structural steel
and its compositions with deposited coatings, Physical
Mesomechanics 5 (2002) 6, 73-86.

A. B. Pavlov, V. K. Vostrov, Issues of application of frac-
ture mechanics to calculations of strength and reliability of
building structures, Industrial and civil engineering (2007)
4,14-18.

P. D. Odessky, Emergency Limit State and Requirements
for Steels for Unique Structures, Structural Mechanics and
Structural Design 1 (2005) 1, 66-68.

I. Marines, G. Dominguez, G. Baudry, J. F. Vittori, S.
Rathery, J. P. Doucet, C. Bathais. Ultrasonic Fatigue Tests

[7]

(8]

(9]

[10]

[11]

on Bearing Steel AISI-SAE 52100 at Fr-equency of 20 and
30 kHz, International Journal of Fatigue, 25 (2003) 9-11,
1037-1046.

Doan an Tinh, V. A. Mamontov, Estimation of the ship
shafts with cracks operation. ASTU Bulletin 43 (2008) 2,
145-148

J. Wang, J. Dong. Opticalwaveguides and Integrated Opti-
cal devices for medical diagnosis, health monitoring and
light therapies, Sensors 20 (2020), 3981-4014, doi:10.3390/
520143981.

Y. Zhao, N. Zhang, G. Si. A Fiber Bragg Grating-Based
Monitoring System for Roof Safety Control in Under-
ground Coal Mining, Sensors (Basel), 16 (2016) 10, 1759-
1765. doi: 10.3390/s16101759.

A. V. Yurchenko, A. D. Mekhtiyev, F. N. Bulatbaev, E. G.
Neshina, A.D. Al’kina, The Model of a Fiber-Optic Sensor
for Monitoring Mechanical Stresses in Mine Workings,
Russian Journal of Nondestructive Testing, 54(2018) 7,
528-533.

W. A. Gambling. The rise and rise of optical fibers, JISTQE
6 (2000) 6, 1084-1089, DOI: 10.1109/2944.902157.

Note: Translated from Russian into English by N. Drak, translator

of Karaganda Technical University

METALURGLJA 61 (2022) 2, 351-354



