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Abstract: This paper presents the results of complex scientific research aimed at developing a
prototype fiber-optic system for controlling the technical condition of buildings, structures, and
extended objects. The aim is to develop a quasi-distributed type of fiber-optic control system without
electrical signals, with the minimum possible cost of one measurement point. The fiber-optic sensors
are based on a new method of controlling the parameters of the light spot by means of a hardware-
software complex. The proposed monitoring system is quasi-distributed, is able to determine the
damaged and most stressed and deformed areas of load-bearing reinforced concrete structures of
buildings at the stage of their occurrence, and will allow for the taking of preventive measures for
their protection. The research was carried out on a laboratory bench working together with the
hardware-software complex; pixel analysis of changes in the area of the spot and its intensity was
used as a fiber-optic sensor. A single-mode optical fiber of the G.652.D 9/125 µm standard was
used, with a wavelength of 650 nm. The monitoring system can perform the function of pressure
measurement on the building structure, establish the damage zone, and signal in case of an abrupt
change in parameters in case of structure destruction. Laboratory tests have shown that the number
of channels can be increased to 16 or 32. With the help of this system, it is possible to monitor the
technical condition of the underground and above-ground parts of buildings or structures and control
their integrity in real-time.

Keywords: building structures; non-destructive testing; defects and damage; optical fiber; monitoring;
artificial intelligence; buildings and structures; deformation parameters

1. Introduction

Nowadays, new buildings are being constructed intensively. In some cases, there may
be a violation of construction technology, possibly soil scour, when, after the building or
structure is put into operation, there is a situation with the appearance of cracks in the
foundation and load-bearing structures [1–3]. It is necessary to monitor the process of
changing the stress-strain state of the monolithic reinforced concrete foundation to identify
the dangerous emergency zone of stress concentration and cracking at an early stage. It
is also necessary to monitor the growth of already-formed cracks and the load on the
reinforcement. A significant advantage of using digital fiber optic technologies is the low
cost of optical fiber, immunity to electromagnetic interference and stray leakage currents,
fire safety, low power consumption, and durability. Optical fiber can be in a building
structure for more than 50 years and can transmit information using a light wave over a
considerable distance. Since the largest part of the reinforced concrete foundation is hidden
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in the ground, it is not always possible to find the places of its damage by visual inspection
or non-destructive testing. This is a rather serious challenge for scientists and developers
who develop new diagnostic and monitoring tools in construction.

Cracks in monolithic reinforced concrete structures of buildings [4–6] pose a danger
because, in the absence of control over their growth and opening, the actual technical
condition of the structure is unknown, and the consequences of operating such structures
can be quite severe (Figure 1). There are known methods of non-destructive testing to
detect defects in reinforced concrete and stone structures. Ultrasonic structural probing
of reinforced concrete structures is a flaw detection method. Its principle is based on
analyzing useful echo signals (reflections from defects in the structure and its parts) [7,8].
Non-destructive methods of assessing concrete and stone structure stability include using
ground penetrating radar (GPR) [9,10]. Another tool for determining the strength of
concrete is the Schmidt rebound hammer, which is a surface hardness meter [11–13].
Knowing the relationship between the compressive strength of concrete and the rebound
of the hammer, it is possible to estimate the strength parameter of concrete. The authors
in the work [14] point out that Schmidt’s jackhammer cannot accurately and directly fail
to estimate the strength of concrete. The study [15] suggests using the SHM-X crackmeter
and the classical geodetic method. The paper [16] demonstrates the use of LiDAR and the
optimal dataset method to improve the crack-finding result. The important point is that
with the help of non-destructive testing tools, only periodic monitoring can be carried out,
while the cost of services is quite high since only specially trained people can work with
them [17–19].
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Figure 1. Cracks in the foundation.

So, the issue of continuously monitoring and controlling buildings’ technical condi-
tions for the growth of cracks in monolithic concrete and reinforced concrete structures
remains unresolved. Developing effective tools for early diagnosis of distributed and
significant objects is very important. To monitor the technical condition of buildings
and structures, there are successfully used tensometric, acoustic piezoelectric transducers,
molecular-electronic, and fiber-optic strain gauges [20]. Among them, the most widespread
are electrical sensors: strain gauges in thin rectangular foil strips with labyrinth wiring
diagrams. The disadvantages of strain gauges are their limited length (up to 800 m), many
cables, and the high cost of one control point.

A scientific analysis of works that propose the use of optical fiber as a sensor and
various options for monitoring the technical condition of reinforced concrete structures has
been carried out. A popular solution is using FOS based on Bragg gratings [21–23]. The
paper [24] presents a method for measuring the stress-strain state and total deformation
of tensile stress concentration zones during concrete shrinkage using optical fibers and
Bragg gratings. Some studies deal with developing systems for probing the slippage of
reinforcing bars and joints in concrete structures based on Bragg gratings [25]. In study [26],
fiber strain gauges with Bragg grating were proposed to detect damaged areas in bridge
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structures. There are systems for predicting normal deformations in pre-stressed concrete
structures. The method uses Bragg gratings, a simplified analytical model of a concrete
structure, and neural networks [27]. The use of Bragg gratings, in addition to their positive
aspects, carries a sufficient complexity of the FOS design and a high cost. There are FOS
based on the principle of operation of the Mach–Zehnder interferometer [28–30], which
are designed to search for ultrasonic stress waves. The sensitivity of such sensors is highly
dependent on the length of the optical fiber, and there is also a high noise level.

Fabry–Perot interferometers are also used to assess the condition of concrete struc-
tures [31,32]. In terms of the FOS application based on the operation of the Fabry–Perot
interferometer, there is a crosstalk for eliminating which several basic methods are com-
bined at once. In study [33], a hybrid system of a quasi-distributed FOS is described, which
operates on the principle of a Fabry–Perot interferometer and Bragg gratings. Another
method uses the Rayleigh scattering principle in a distributed FOS system [34,35]. This
method allows for obtaining data with a rather high spatial resolution, but it has limitations
in the form of a measurement distance of up to 100 m. There are also systems using the
Brillouin scattering principle [36–38].

There are studies showing comparisons between traditional methods and methods
using FOS. In [39], an experiment was carried out comparing the operation of a strain gauge,
an FOS, and the digital image correlation (DIC) method in monitoring the propagation
of fatigue in concrete beams. In this experiment, an ODiSI 6108 system was used for the
optical measurement of mechanical stresses and temperature distribution, a 3D DIC system,
and five strain gauges from Hottinger–Baldwin–Messtechnik. According to the experiment
results, the FOS and the DIC gave more detailed data on the stress distribution in the
structure compared with strain gauges. At the same time, FOS provides a very efficient
assessment of important parameters using a relatively small amount of data. A similar
but more extensive study was carried out at the UCLouvain in Belgium [40], comparing
the data obtained from distributed FOS installed inside a concrete structure to measure
displacements and deformations of reinforcing bars with surface deformation data obtained
using micrometers, linear differential transducers (LVDTs), and DIC systems. The ODiSI
6104 system was used as a distributed FOS. Empirical assumptions were used in which
some parameters were overestimated or underestimated, while distributed FOS made it
possible to measure the deformation penetration into blocks of concrete walls. The data
were obtained with a higher resolution. At the same time, the software of the distributed
FOS system imposes restrictions on the measurement of only 10–15% of deformations. The
authors’ works on using original design solutions in developing hardware and software
complex mechanisms were considered [41].

The fundamental difference between the idea and analogs existing in the world is
the development of a hardware-software complex capable of working with a single-mode
OF [42] and analyzing the data obtained from changes in the pixels of a light spot incident
on the surface of a television matrix. Using a single-mode optical fiber makes it possible to
significantly increase the distance from the installation site of the FOS to the data processing
unit. Preliminary studies have been carried out on using OF to control the integrity of
concrete beams [43]. A single-mode optical fiber has a stepped profile, which is described
by the Gaussian distribution, and the light spot contains a significant amount of noise,
especially when the temperature changes, which complicates the measurement process [44].
Only intelligent processing of the received data with the help of a specialized hardware
and software complex allows for solving the above problems. Previously, similar work
was carried out on developing an FOS to control a monolithic array of mine workings and
concrete support. In papers [45,46], there is a description of the FOS and the hardware-
software complex. These principles will be used later. The analysis shows that there is a
problem of diagnosing the destruction of building structures, including monolithic ones,
and the development of methods and means of effective control of this process, especially
at an early stage, is required, especially when it is still impossible to detect cracks during
visual inspection. The cost of fiber optics is relatively low, about 10 US dollars per 1 km
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of length. Compared to a copper pair, this is a meager cost. In contrast to string sensors
based on OF, it is possible to build a FOSM not only of a point type but of a distributed and
a quasi-distributed type.

Given the need to develop highly efficient means of remote monitoring load-bearing
reinforced concrete structures, including columns, floor slabs and coatings, walls, flights
of stairs, and foundations, experimental studies were conducted to solve the problems
mentioned above. The basis of the monitoring system for monolithic reinforced concrete
structures, including floors with pre-stressed beams, is a fiber-optic technology based on
monitoring changes in the parameters of a light wave passing through an optical fiber
under mechanical action on it. Optical fibers are very widely used in various fields of
technology. The industry has mastered the production of fiber-optic sensors for monitoring
different physical quantities. These sensors have some advantages over electrical ones.

Existing monitoring systems have a rather high cost per measurement point and a
limitation in the distance from the data processing unit to the sensor. The use of OF will
allow for an increase in this distance up to 30 km, while the power consumption for data
transmission is only a few milliwatts. The fundamental difference between the idea and the
existing analogs in the world is in the development of a hardware-software complex able
to work with single-mode fiber optic fiber and analyze the data obtained by changing the
pixels of the light spot falling on the surface of the TV matrix. It should be noted that the
fiber-optic system for monitoring the technical condition of buildings, structures, and any
extended objects has high noise immunity and low power loss in the measuring channels.
At the same time, the length of measurement channels can be tens of kilometers.

Thus, the purpose of this research work is to conduct experimental studies of intelligent
fiber-optic systems for monitoring damage to reinforced concrete foundation structures
with the development of conceptual foundations for the physical and mathematical models
of processes in optical fibers.

2. Materials and Methods
2.1. Experimental Research Methods and Materials Used

In the experiments, samples of cement beams that imitated a monolithic reinforced
concrete structure were used. This structure can be a foundation. The size of the samples
was X = 50 mm, Y = 50 mm, and Z = 400 mm. Five samples of cement beams were
made of PC-400D cement, steel reinforcing bars, and sand with the addition of water.
Inside the beams, four steel reinforcing bars with a diameter of 4 mm were inserted, on
which an optical fiber was fixed with plastic ties. The number of fiber optic sensors was
selected arbitrarily and ranged from 1 to 2 for each steel reinforcing bar. Conditions of
mortar hardening were chosen naturally during 28 days in water, according to the GOST
310.4-81 [47] cement methods for determining bending and compressive strength.

The beams were tested and brought to failure using a hydraulic measuring press (PGI-
500) (Saratov, Russia). PGI-500 is periodically checked and has a certificate of verification
(VL-2-03-18000654). This press is used in the building materials laboratory for strength
and for testing concrete beams in compression by creating a variable force value from 0 to
500 kN (50,986 kgf).

A liquid crystal display is available to monitor the compression force and other
parameters. The tests were carried out according to state GOST 310.4-81 [47] conditions
for cement methods for determining bending and compressive strength. The temperature
in the laboratory room varied within 24–25 ◦C. Movement of the beam along the axes
OX = 0 m; OY = 0 m; and OZ = 0 m at pressure application. Before starting the experiments,
the integrity of fiber-optic sensors was checked, and parameters of additional losses were
set using the optical power meter Smart Pocket OLP-38 (San Jose, CA, USA) and the optical
radiation source Smart Pocket OLS-34/35/36 (San Jose, CA, USA) was used. All fiber-optic
sensors remained undamaged after filling the beams and drying.

As a result, each beam necessarily had 4 FOSs. The rest were reserved and were
not used in the experiment, as they were needed to replace the main ones in case of
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damage. Next, a 9/125 µm Corning (Corning, NY, USA) single-mode quartz fiber (G.652.D
standard [48]) with a 248 µm vinyl coating was used as a fiber optic sensor. The top layer
of the protective plastic coating was between 1 and 2.5 mm. A wooden mold was specially
made to fill the beams, into which the sand-cement mortar was poured. The manufactured
cement beams gained strength within 28 days. Figure 2 shows the manufacturing process
of concrete beams and placing fiber optic sensors in them.
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The optical fiber used in the studies has a shell made of glass with a density of
n1 = 1.4570, which is lower than the core density of n2 = 1.4625. The refractive indices
correspond to the condition n1 < n2. Then, the beam deviates from the OF axis by an angle
of not more than (90◦-α), and the ratio of n1 and n2 can be expressed as sin α = n1/n2. At
the same time, there is an equality of the angles of incidence and refraction αin = αout,
which provides a total internal reflection of the pulse light wave (mode) [46].

Using a DVP 740 welding machine (Hunan, China), SC-type optical connectors were
mounted on each fiber optic sensor. The SC connectors used a 2.5 mm UPC (ultra-physical
contact) polished ferrule. Figure 3 shows the process of mounting optical connectors using
a DVP 740 welding machine and the tools used to remove the sheath (Hunan, China).
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The experiments were carried out using a hydraulic press for testing building materials
(P-125) (Lida, Russia). The press is a set that consists of a loading device and a control panel.
The measuring unit contains a torsion force meter and a diagram apparatus. The measuring
range is from 125 to 625 kN, and the indication range is from 0 to 625 kN; the division value
is 1.25 kN; the admissible load measurement error in forward stroke starts at 20% of the
largest value of the measurement range but is not lower than 10% of the maximum limit
load; and the percentage of the measured load is ±2. The concrete beam was placed on two
supports, and the third support was used to develop pressure on the center of the beam.
To control the displacement of the plates, a vernier caliper with a digital indication in the
0–150 mm range and with a resolution of 0.01 mm and accuracy of ±0.01 mm (Sichuan,
China) was used. Figure 4 shows the process of putting pressure on a concrete beam and
its destruction.
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As mentioned earlier, the optical fiber was pre-embedded in the body of the reinforced
concrete beam. With pressure on the beam in the central part, its expansion occurs due
to stress concentration and the formation of cracks. When the beam is destroyed, it is
deformed, so the steel reinforcement to which the fiber-optic sensors are attached is also
deformed. The put-forward hypothesis was tested during the experiment that the optical
fiber could work as a sensitive sensor for identifying damage to a monolithic reinforced
concrete structure. The method is based on the control of changes in the properties of
light passing through the optical fiber under mechanical action, which makes it possible
to establish the numerical value of mechanical stresses or deformations in the beam body
as well as to determine the limiting value at which a crack can occur. The proposed
method makes it possible to establish the locations of local hidden defects (cracks) in
reinforced concrete structures’ foundations and use them in the future on other long-
building structures. The experiment allows simulation of complicated operating conditions,
for example, during flooding and destroying a monolithic reinforced concrete foundation.
When the foundation concrete is destroyed, dislocation and cracking can be established.

Figure 5 shows the scheme of the experiment: Several fiber-optic sensors (2) are located
in the body of beam 1, which are fixed on steel reinforcing bars, and rod (3) presses on
beam (1) from above. The other two rods are located on the bottom of plate (4). The
location of rod 3 makes it possible to destroy the beam during bending. The top of plate 5 is
lowered onto the beam providing load (6), and is transmitted through rod (3). This is how
the standard tests of reinforced concrete beam samples are carried out to determine their
bending strength. In the center of the beam, the mechanical stress concentrator and the zone
of irreversible deformation are formed, where cracks (7) are generated. Fiber-optic sensors
are connected to data processing unit (9) using optical patch cords with SC connectors (8).
Each optical patch cord is equipped on both sides with connectors of the SC type. Selecting
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these connectors is arbitrary, and they can be replaced by others without any problems,
for example, by the FC type. The data processing unit has four main parts: (10)—module
containing laser and optical splitter; (11)—module of photodetector, the number of which
corresponds to the number of channels; (12)—microprocessor module of video image
pre-processing and coordination with the computer; and (13)—DC source for power supply
of photomatrixes and laser. The coherent source of laser radiation has a wavelength in
the visible light range of 650 nm, and permissible deviations are not more than 5 nm. In
the experiments, InGaAs (laser launcher level CLASS IIIB) semiconductor lasers with a
power of 10 mW or more were used. The laser power was 20 mW. It is possible to use a
laser with a power of up to 30 mW and a 650–850 nm wavelength. An optical splitter is
used to split the beam into several channels, which distributes the light wave’s energy in
equal proportions between all the channels.
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Figure 5. Schemes for measuring the values of mechanical stresses and determining the location
of the defect. 1—body of beam; 2—fiber-optic sensors; 3—rod; 4—bottom of plate; 5—top of plate;
6—load; 7—cracks; 8—connectors; 9—data processing unit; 10—module containing laser and optical
splitter; 11—module of photodetector; 12—microprocessor-based data processing and matching unit;
13—direct current source; 14—power cord; 15—USB cable; 16—personal computer.

In the experiment, an optical splitter of the PLCM-1U4U-SC (Shenzhen, China) type
was used by dividing it into four channels with a ratio of 1/4, so the light wave energy was
divided into each channel in the ratio of 25%. For more channels, one can use splitters with
a ratio of 1/8, 1/16, or 1/32. Increasing the number of channels will require increasing
the laser power, and the power of the laser used depends on the length of the fiber-optic
communication line of the sensor with the data processing unit. The laser beam passing
through the FOS 2 falls on the photodetector 11, which captures all the changes in intensity
formed on the surface of the photo matrix. A stepped profile is formed at the exit from the
OF, which the Gaussian distribution law can describe. A high-resolution photo matrix on
the surface of which a light spot falls is installed at the exit from the optical fiber.

The manufactured optical module (Figure 6) has a sealed housing, and its parts are
glued with a sealant that does not allow penetration of external light rays, which can lead to
malfunction, into the interior. At the end of the optical conductor is a fiber optic connector
of SC type with a 2.5 mm diameter tip and a physical contact connector (UPC Ultra).
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Figure 6. Optical modules.

For each channel, it is necessary to use a separate photo matrix, which converts the
light signal into an electrical one and sends it to the microprocessor-based data processing
and matching unit (12). It is connected via a USB cable (15) to the personal computer (16).
To operate unit 9, a direct current source (13) with a power cord (14) is required. To operate
the hardware-software complex, specially developed software is installed on the personal
computer (16). The method of optical-electronic analysis of the light spot is used. The
highest intensity of radiation is in zone 1. It is the brightest zone and unsuitable for study
as it makes a lot of noise (Figure 7). There is a study changing the number of pixels in zone 2.
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Figure 7. The light spot: 1—core; 2—transition boundary; 3—shell.

Figure 8 shows a positive image of the light spot formed at the end of the optical fiber
and further incident on the photo matrix under various impacts on the optical fiber. As the
mechanical force on the sensor increases, the loss increases, and the emission intensity of
the light spot decreases. Also, as the length of the optical fiber increases, its losses increase,
and the size of the light spot decreases. It is found that this process is characteristic of
the single-mode optical fiber of the G-652 standard [48] at a wavelength of 650 nm (red).
Considering the degradation of the light spot, it is necessary to increase the laser power
when increasing the length of the optical fiber used as a sensor.
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2.2. Development of Theoretical Bases for Physical and Mathematical Models of Electron-Optical
Phenomena in Fiber-Optic Functional Elements
2.2.1. Conceptual Foundations of the Physical and Mathematical Model

The theoretical part presented in this paper, in terms of content, is a presentation
of the conceptual and theoretical foundations of the physical and mathematical model
of electron-optical processes (in general, nonlinear) associated with the interaction of a
monochromatic electromagnetic wave with the substance of an optical fiber element under
the external conditions established in the model. Obviously, a rigorous physical model
of such processes should be based on the solution of the kinetic equation, which allows
us to calculate the concentrations of optically active centers (atoms, molecules, atomic
groups, etc.), which are the scattering centers of the external optical signal (optical relaxers),
as well as excessive (over equilibrium) concentrations 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. The solution of the kinetic equation
should be constructed together with the Maxwell equations for the electromagnetic wave
field in the substance of the fiber optic material. In general, a comprehensive solution
to the problem will require, in the long run, the development of schemes and methods
that are quite complex in theoretical terms, firstly, related to the choice of correct physical
methodology in the construction of the kinetic equation of electron-optical processes in
optical fiber (OF), including kinetic coefficients describing at the microscopic level the
processes of interaction of the external electromagnetic field (optical signal) with optical
centers and with electrophysical relaxants. Secondly, it will be necessary to choose a
convenient, from the point of view of comparing the results of theory and experiment,
methodology for experimental evaluations of the investigated microscopic processes (light
scattering, electric polarization, and light refraction), which will require determining both
the list of experimentally determined electrical and optical parameters and the scheme of
precision measurements of these parameters. At this research stage, including in this paper,
do not set the above tasks. Here we limit ourselves only to the description of conceptual
bases and schemes of realization of the nonlinear kinetic theory of electron-optical effects
in optical fibers planned for the future.

Thus, the purpose of Section 2 is to develop conceptual (corresponding to the schemes
and experimental conditions) bases for the physical and mathematical model of the op-
toelectrical processes occurring in an optical fiber element during its interaction with a
monochromatic electromagnetic wave (optical signal coming from a coherent radiation
source) in a wide range of electromagnetic wave and temperature parameters. At the
same time, the final analytical relations between the calculated macroscopic parameters
of the system will be established by generalized phenomenological (without detailing the
structure and properties of the kinetic equation and its boundary and initial conditions)
and approximate (in terms of the physical specificity of the dependences observed in the
experiment) methods. Our main task, in Section 2, will be reduced to the formulation of
the final mathematical expression establishing the relationship between the optical charac-
teristics of the process (intensity of the light flux, refractive index of the substance) and the
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electro-optical characteristic of the system under study measured in the experiment. It is
possible that in the process of refinement of the structure and general form of the electro-
optical kinetic equation and its joint solution with Maxwell’s equations, both intermediate
and final equations of the model will appear, significantly influencing the final calculation
formulas. Methodologies and schemes for measuring the electro-optical characteristics of
the system will not be developed in this work. The solution to all these issues will be the
subject of research in subsequent works based on this preliminary theoretical study.

A comparison of the results of numerical calculations performed according to the
theoretical formulas and measured in the experiment will not be carried out in this paper.
The theoretical section is given after the experimental section because it is subsidiary and,
so far, is not directly compared with the experiment. The analytical part of this work is
dealing with the development of the theoretical foundations of a mathematical model of
nonlinear electronic optical processes in an elastically deformable element (working body)
of fiber-optic controlling and measuring devices (electromagnetic radiation sensors, strain
analyzers, radiation recorders, optical signal converters, etc.). The analytical solutions
will be performed based on the equations of the phenomenological model [49], taking
into account the elastic deformations of the fiber material effect on the characteristics of
the output optical signal (interacting with the recording photographic plate) and on the
refractive index n of the fiber material in the range of wavelengths and intensities of the
incoming optical signal specified in the experiment (light flux incident on the cross section
of the fiber optic element). As an experimental sample, a horizontal (as well as a vertical)
beam (with a fiber-optic wire laid along its axis) loaded by external forces and experiencing
longitudinal and transverse deformations is taken [50].

The research methodology will be constructed based on the laws of geometric and
wave optics within the framework of the phenomenological theory of optical-electric
processes associated with the interaction of a light wave (optical signal) with the substance
of the fiber optic element (FO). The study of quantum effects when describing optical-
mechanical phenomena in the fiber optic sample under study will not be carried out. All
theoretical considerations in this work are limited by the provisions of the electrodynamics
of a continuous medium and the classical wave theory of light.

2.2.2. Basic Provisions of the Physical and Mathematical Model

Let us consider a model of a single-mode cylindrical (with diameter d and length
of generatrix l for the “core” or working part) of the fiber optic element, onto the cross
section of which falls a monochromatic light fluxed from a source of coherent radiation
(laser emitting at wavelengths in the visible optical range). The direction perpendicular to
the cross section of the sample (cylinder axis) is taken as the coordinate axis OZ.

Suppose a light ray with a wavelength λ0 and wave vector
→
k 0 = ω

→
c
= ω

c2
→
c falls from

the air onto the surface (input cross section) of a fiber optic sample at the geometric center
of this cross section O at an angle θ to the normal to the surface. Here,

→
r is a vector drawn

along the direction of the vector of light velocity in the air
→
c to the point of reconnection of

the incident light ray with the point O and, further, to the intersection of the input light ray
(in the direction of its further motion in the sample, without taking into account refraction)
with the side surface of the cylindrical sample at some point M. In this case,

→
c the vector

direction is chosen along
→
k 0 the direction of the wave vector, from which the initial phase

(in this model, the spatial component of the phase of the incident light beam in the direction

of the vector
→
r ) is equal to φ0 =

(→
k 0
→
r
)
= ω

c2

(→
c
→
r
)

. In this case, the phase velocity vector

(the velocity of moving lines of constant phase) of the incident light wave is defined along

the direction of the wave vector
→
k 0 and is equal to the vector

→
c . The circular frequency of

the light wave, in this case, isω =

(
⇀
k 0
→
c
)
≡ k0c. The solution of the classical Dalembert
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wave equation
→
∇

2→
u 0 − 1

c2
∂2→u 0
∂t2 = 0 for this case is known and has the form of a plane

monochromatic wave
→
u 0 =

→
u 00 · exp(iωt−φ0), where 1

c =
√
ε0µ0.

A light ray or electromagnetic wave refracted in the sample, moving in the substance

with velocity υ = c
n , wavelength λ, and wave vector

→
k = ω

→
υ

= ω
υ2
→
υ , at point M, will be

described by the spatial component of phase φ =

(→
k
→
r
)
= ω
υ2

(→
υ
→
r
)

. The direction of the

phase velocity vector (velocity of moving lines of constant phase) of the refracted light wave

is determined by the direction of the wave vector
→
k . The solution of the Dalembert equation

→
∇

2→
u − 1

υ2
∂2→u
∂t2 = 0 for this case, calculated at point M, has the form

→
u =

→
u 0 · exp(iωt−φ),

where 1
υ =

√
ε0µ0εµ. The question of the methodology of calculating the theoretical

refractive index of light in matter n =
√
εµ, as noted in Section 2.2.1, remains, within

the framework of this article, open due to the lack of a rigorous or at least approximately
defined scheme for constructing and analyzing the kinetic equation describing the physical
mechanism of electromagnetic wave propagation in the substance of the fiber optic element,
taking into account all related effects, including both optical and electrophysical phenomena.
In any case, the generalized expression for the theoretical refractive index of light in
matter will be modeled, considering nonlinear optical-electrical effects as a function of the
parameters of the electromagnetic wave (frequency and amplitude), the temperature of the
element, and the molecular characteristics of matter.

The concept of the angle of deviation Ψ = θ − γ of the light ray refracted in the
optical fiber (as well as in any other sample) with wave vector k = ω

υ = 2π
λ from the

direction of the light ray entering the sample with wave vector k0 = ω
c = 2π

λ0
is used in this

model. The expression for the phase difference between the refracted and incident light
rays (electromagnetic waves) at the above-mentioned M point may be necessary for further
development of this model. It is not excluded that the study of the description of optical-
electrical processes in the optical fiber, from the point of view of wave and geometrical

optics, may require the calculation φ−φ0 =

(→
k
→
r
)
−
(→

k 0
→
r
)

of phase differences of the

refracted and incident rays at other points of the system. In this case, this phase difference
is taken as the sought value. Further, φ− φ0 = ω

c (n cos Ψ− 1)
(→
τ 0
→
r
)

, where
→
τ 0 is a

unit vector chosen in the direction of the vector
→
c . Then, cos Ψ = cosθ

√
n2−sin2 θ+sin2 θ

n
according to n = sinθ

sinγ . It is easy to see that in the absence of refraction of the light ray, when
n = 1, equalities hold cos Ψ = 1, Ψ = θ− γ = 0, which allows us to interpret this result as a
criterion for the reliability of the formula φ−φ0 = ω

c (n cos Ψ− 1)
(→
τ 0
→
r
)

. Further, this
expression will be used when constructing the more rigorous mathematical model of optical-
electric processes in the fiber-optic element in the single-mode fiber-optic communication
line, in particular when calculating the refractive index of an electromagnetic wave n in the
working element of the system.

Further studies of semi-empirical and theoretical methods of parameter n determi-
nation make it possible to choose two main directions. In the first direction, the value
is determined from the model’s experimental parameters using the system’s geometrical
characteristics, including θ, d (diameter of the cylindrical specimen), and b (distance from
the center of the cross-section O to the point M). A study of this case is given in Appendix A.
The second direction n is modeled as a multifactor function depending on (E0 , H0, ω) and
molecular parameters of the model and on temperature. It can be represented as a function
of the form n(ζ0; E0, H0,ω; T; d; θ; b;α0). Here, α0 is the angle between the direction of the
light beam coming out of the sample and the normal to the surface of the registration ele-
ment (photographic plate). The parameter ζ0 represents a variety of different characteristic
molecular parameters (activation energies of relaxers (conductivity ions) on ionic-molecular
chemical bonds; frequencies of natural vibrations of ions near the equilibrium position
(localized at the sites of the crystal lattice); width of the potential barrier for ions, etc.);
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and structure parameters (depending on the physicochemical properties and the type and
geometry of the crystal structure of the fiber optic sample [46,47].

During the study of the processes of the interaction of an electromagnetic wave
→
u =

→
u 0 · exp

(
iωt−

(→
k
→
r
))

=
→
uω(t)

→
u→

k

(→
r
)

with the substance of a fiber optic sam-

ple, classified as a dielectric or semiconductor, according to the transformed equation
→
∇

2→
u→

k
+
→
k

2→
u→

k
= 0, when passing to a dimensionless variable ξ =

→
r
→
a

, from the expression

∂2→u→
k

∂ξ2 +

(→
k
→
a
)2→

u→
k
= 0, assuming that the main optical effects occur in a spatial region

in size comparable to the lattice constant a, in a wide range of wavelengths, including

the optical range, due to
(→

k
→
a
)
≈ 2πa

λ << 1 and, accordingly,
(→

k
→
r
)
=

2π
(→
υ
→
r
)

λυ = 2πr
λ

cos Ψ << 1, we take the electric and magnetic components of the wave in the forms
→
E ∼=

→
E0 · exp(iωt),

→
H ∼=

→
H0 · exp(iωt).

Then, taking the displacement current due to the electric field in the form
→
j (t) =

∂
→
D

∂t = iωε0ε∞
→
E(t) + ∂

→
P rp(t)

∂t , where, ε∞ is the inductive (high-frequency) component of
the complex dielectric permittivity (CDP) of the optical fiber material, and neglecting the

relaxation (low-frequency) polarization of the sample ∂
→
P rp(t)

∂t → 0 [47,48], we calculate the
volumetric power density of the electric field of an electromagnetic wave in an optical fiber
in the following form [46]:

P∂Vt =

〈
Re
(→

E(t)
)
× Im

(→
j (t)

)〉
≈ 1

2
ωε0ε∞

→
E

2

0 (1)

The volumetric power density of the magnetic field of an electromagnetic wave in

a non-magnetic optical fiber is calculated based on approximate equalities
→
H =

→
H0 ·

exp
(

iωt−
→
k
→
r
)
≈
→
H0 · exp(iωt), and is reduce to the following form:

PmVt =

〈
Re
[→

H(t)
]

Im

∂
→
B(t)
∂t

〉 ≈ 1
2
ωµ0

→
H

2

0 (2)

The volumetric power density of the electromagnetic field of the wave is calculated,

taking into account the identity µ0
→
H

2

0 = ε0ε∞
→
E

2

0, from the expression PVt = P∂Vt + PmVt ≈

ωε0ε∞
→
E

2

0.
Taking into account the fact that, in this approximation, when estimating the dielectric

permittivity of the sample, only the processes of induction polarization realized in the
high-frequency range are taken into account, we assume the refractive index of a light wave
in a non-magnetic optical fiber in the form n ≈ √ε∞ = n∞(ζ0; E0, H0,ω; T; d; θ; b;α0).

The calculation of the intensity of the electromagnetic wave I =
〈

Re
[∣∣∣∣⇀E(t)

∣∣∣∣]Im
[∣∣∣∣→H(t)

∣∣∣∣]〉
≈ 1

2

∣∣∣∣→E0

∣∣∣∣∣∣∣∣→H0

∣∣∣∣ in the form I ≈ 1
2

√
ε0ε∞
µ0

→
E

2

0 gives the distribution of the volumetric power

density of the electromagnetic field of the wave at angles α0 (between the direction of the
wave vector of the wave and the normal to the surface of the sensitive light-receiving plate).

PVt(ζ0; E0, H0,ω; T; d; θ; b;α0) = 2ω
√
ε0µ0ε∞ I(α0) ≈ 2ω

n∞(ζ0; E0, H0,ω; T; d; θ; b;α0)

c
I(α0). (3)
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The calculated value of the refractive index of an optical fiber is performed in a gener-
alized analytical form n∞(ζ0; E0, H0,ω; T; d; θ; b;α0), and its experimental value (necessary
for comparing the results of theory and experiment) is calculated from expression (3).

The study of the refractive index n∞(ζ0; E0, H0,ω; T; d; θ; b;α0) = n∞
(Ω)(α0) of the

fiber optic material in the most general case should be carried out using the methods of
kinetic theory and electrodynamics of a continuous medium [46,51], which describe the
patterns of relaxation processes associated with the interaction of the electric and mag-
netic fields of an electromagnetic wave (optical signal) with structural elements (ionic
and molecular subsystems, electrons of the outer shells of the atoms of the structure,
various types of vacancies) of the crystal lattice. Here, the mathematical set of elements
Ω = {ζ0; E0, H0,ω; T; d; θ; b} is accepted. The influence of crystal structure parameters on
the relaxation times of optical-electric processes is determined by the numerical values
of the above-mentioned characteristic molecular parameters ζ0 or groups of parameters
related to various substructures (sublattices) that are in a state of stationary interactions
with each other, described by the unperturbed Hamiltonian of the crystal lattice, taking
into account theoretical model assumptions adopted based on experimental data. The
temperature of the substance significantly affects the kinetics of relaxation polarization. The
refractive index is influenced by the geometric characteristics of the crystal structure (primar-
ily the type of lattice symmetry, lattice constant, and linear dimensions of the sample d) and
optical-geometric parameters (angle of incidence of the beam on the surface of the material
θ and angle α0 between the wave vector of the optical signal (ray) refracted in the sample
and the normal vector to the surface of the photodetector (detection screen) [49–51]. In the
region of anomalously high polarization nonlinearities, the parameters of external field
influences (frequencyω and amplitude of the wave) and the input (before entering the crys-
tal) intensity of the electromagnetic wave begin to influence the polarization coefficients,
complex dielectric and magnetic permeability, and refractive index of the substance.

The quantity measured in the experiment is the averaged over angles α0 the function (3).

P(Ω)
Vt,th

=
〈

P(Ω)
Vt

(α0)
〉
=

4ω
cπ

π
2∫

0

I(α0)n∞
(Ω)(α0)dα0 (4)

Thus, within the framework of this paper, we have described a scheme for calculating
the physical characteristics of electron-optical processes in fiber-optic elements without
using kinetic theory methods (as a simplified model). The connection between the schemes
of experiments and the final formulas of the theoretical model (expression (4)) is of a
generalized nature, where the angularly averaged distribution of the intensity of the optical
signal I (α0) registered on the photo plate measured in the experiment is compared with
the value of the bulk energy density of the electromagnetic field in the P(Ω)

Vt,th optical fiber
element, the methods of measurement of which will be investigated in the future.

Zero approximation of perturbation theory in dimensionless small deformation pa-

rameters δd
d ,

δ
(→
τ0
→
r
)

(→
τ0
→
r
)

0

= (δα)2

2 in expression (4) gives the calculated (theoretical) value of

the experimentally measured 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.

2.2.3. Effect of Fiber Optic Element Deformations on the Physical and Mathematical Model

A presentation of mathematical methods for taking into account the influence of the
deformation parameters of a fiber-optic element on its refractive index and, in general, on
the experimentally measured value of the volumetric power density of an electromagnetic
wave (optical signal recorded on a photographic plate) will be given below.

The proposed methods for analyzing the influence of elastically deformed states of a
fiber-optic element (both from the point of view of longitudinal and transverse deforma-
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tions) on its optical characteristics are not fundamentally new, but are limited to known
methods of the theory of elasticity and are based on calculations of dependencies of the
form nde f ;∞(ζ0; E0, H0,ω; T; θ; b;α0; l; R), nnon−de f ;∞(ζ0; E0, H0,ω; T; θ; b0;α0; l0; R0), where

are the parameters in the model (l0; R0), (l; R), where R0 = d0
2 , R = d

2 , are, respectively, the
values of the length and radius of the cross section of a horizontal cylindrical beam (loaded
with external force influences) inside which, in the direction of the e axis, a fiber optic cable
is stretched, experiencing the corresponding deformation effects.

A more detailed mathematical description of the relations between the longitudinal
and transverse deformation parameters of the modeled OM element is given in Appendix B.

Comparison of the refractive index in the non-deformed state and, considering defor-
mations, by expanding the analytical function:

∆nde f ;∞
(Ω;Ω0)(α0) = nde f ;∞(ζ0; E0, H0,ω; T; θ; b;α0; l; R)

−nnon−de f ;∞ (ζ0; E0, H0,ω; T; θ; b0;α0; l0; R0)
(5)

into an infinite power series in dimensionless small parameters ∆d⊥ = |R− R0|/R0,
∆d‖ = |∆l|/l0

∆nde f ;∞
(Ω;Ω0)(α0) = ∑∞

f1=0 ∑∞
f2=0

[
∆ f1

d‖∆
f2
d⊥ ×∆n(Ω;Ω0);( f1; f2)

de f ;∞ (α0)
]

(6)

This will allow, after substituting (6) into the kinetic equations and the d’Alembert
equation, us to study the previously indicated effects of the fiber material deformed state in
various approximations of perturbation theory in small parameters ∆d⊥, ∆d‖ starting from
the “zero” approximation (in the absence of deformation) and, further, up to higher orders
of smallness, to reveal the effects of the orders ( f1; f2) in function (6) on nonlinearities
caused by the deformed state of the sample (effects of photoelasticity and thermoelasticity).
The effect of the temperature range and the parameters of the electromagnetic field of
the wave E0, H0,ω is manifested in nonlinear optoelectrical effects, depending, at the
mathematical level, on the ratio of the energies of the thermal motion of the relaxers and
the energies of the relaxers in the field of the electromagnetic wave. The parameters of
the electromagnetic field of the wave may impact the effects of the deformed state, and
vice versa.

The purpose of the theoretical part of this work is not reduced to the detailed study
of the physical mechanisms of the photoelasticity and thermoelasticity effects and related
solutions to the equations of the phenomenological model, but is limited, at this stage,
to a central descriptive approach, based on which, in subsequent developments, an ex-
tended scheme of analytical description of nonlinear electronic optical effects in deformable
samples of fiber-optic elements in a wide range of temperatures and parameters of the
electromagnetic field of the wave will be disclosed.

Rigorous analytical studies of the laws of change in the intensity of the optical
signal in the optical fiber Ide f (ζ0; E0, H0,ω; T; θ; b;α0; l; r), as in the case of the function
∆nde f ;∞(ζ0;ω; E0; T), should be built using the methods of nonlinear kinetic theory, in
combination with the methods of regression analysis, by minimizing inconsistencies in the
results of theoretical and experimental numerical estimates. Then, in the general case, the
deformation-averaged increment over the angles α0 of the volumetric power density of an
electromagnetic wave in an optical fiber [48]:

δP(Ω;Ω0)
Vt,th

=
〈
δP(Ω;Ω0)

Vt
(α0)

〉
= 4ω

cπ

×
π
2∫

0
Ide f (ζ0; E0, H0,ω; T; θ; b;α0; l; r)∆nde f ;∞

(Ω;Ω0)(α0)dα0

(7)
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The numerical study of expression (7) will be carried out using specialized high-speed
software and hardware, the development and implementation of which is also a separate
complex task that is beyond the scope of this work and will be performed in the future.

3. Hardware and Software Complex

The proposed WAMS does not use the methods of optical interferometry and reflec-
tometry, as well as fiber Bragg gratings and long-period fiber gratings. The refusal of
the known method of optical interferometry is due to the dependence of the propagation
phase of a light wave on temperature, so a change in temperature by 1 ◦C can cause a false
alarm in the absence of a mechanical effect on the sensor. The use of a distributed WAMS
based on optical reflectometry methods or Bragg gratings is due to the higher cost of one
measurement point and the peculiarity of the distributed system operation associated with
using one OF. Considering that it can be damaged during the operation of technological
equipment and its movement, the work will be left without a pressure control system. It
is also necessary to consider the specifics of the sensor placement in the hole drilled in
the roof of the work, and this is a quasi-distributed measurement system. The proposed
quasi-distributed WAMS contains a new principle of data construction and processing. A
quasi-distributed WAMS can have an unlimited number of channels.

Figure 9 shows a photo of the moment of setting up the program for controlling the
mechanical impact of fiber-optic sensors. The hardware-software complex was configured
during the experiments to work with four sensors.
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Figure 9. Setting up a mechanical impact control program.

The program operates in two modes: measurement and alarm, triggered by a sudden
parameter change. The hardware-software complex allows for controlling the stress-strain
state of a monolithic reinforced concrete structure. When the program starts, a reference
image is taken to compare all the following ones to measure changes.

In the camera settings block, the values of the parameters for the number of frames
from the camera for averaging and reducing camera noise, the number of images (measur-
ing values) for one detection period, and the threshold value of the pixel color in grayscale
at which triggering will occur directly affect the sensitivity of detection. In the camera
settings, one can also set the number of triggers (motion detection) in a row before the
ALARM signal and the value of the motion detection threshold (the number of white
pixels); when exceeded, the motion will be detected.

The graph in the monitoring block (Figure 10) shows changing the number of pixels
above the set brightness threshold between two consecutive measurements; the scale is
limited by the set field “motion detection sensitivity threshold value”. The scale is marked
at 20% of the maximum, indicating numerical values.
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Figure 10. The mode of displaying incoming and processed.

The essence of the method (Figure 11) is as follows: from the radiation source (1)
(semiconductor laser 650 nm) with a power of 10–30 mW, the light wave passes through the
optical patch cord (3), which has optical connectors (2) (SC type) for switching the sensor
with the data processing unit and the laser. The optical fiber is inside the concrete beam (4)
and is the sensor through which the light wave passes. At the output of the VOD-installed
optical module (5) is a transparent screen on which a light spot (6) is projected, and then
the rays of the spot fall on the surface of the photo matrix (7), which converts the optical
signal into an electrical signal and performs its pre-processing using the built-in graphics
microprocessor. When a mechanical load is applied to the lateral surface of the optical fiber,
a microbead is formed in it, and refractive parameters change, which leads to a change in
the properties of the passing light wave. All changes are recorded by the photo matrix and
the program.
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Figure 12 shows the pictures from the computer screen showing how the light wave’s
intensity changes with increasing force on the fiber optic sensor after converting a positive
image to a negative image. The external load on the beam was created using a laboratory
press (Figure 4). Analyzing the pictures from the computer screen, one can conclude that
increasing the impact force causes changes in the pixels of the light spot, which can be used
for the numerical estimation of the impact on the OF. Figure 9 shows how the shape of the
spot changes from left to right if conditions are formed under which different forces are
applied to the fiber optic sensor. At the initial stage, only individual white dots, which are
noise, are visible on the screen. Then, two impacts on the sensor with different strengths
are recorded. The screen reflects that with a weak impact on the sensor, the spot has more
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black pixels, and with increasing the impact on the fiber optic sensor, the number of white
pixels on the screen increases.
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4. Results and Discussion

As a result of automated data approximation, one-factor mathematical models were
obtained. Each measurement was performed 20 times. The confidence probability is
P = 0.95, and the Student’s distribution quantile is t = 2.0098 for a given confidence
probability with the number of degrees of freedom. The relative measurement error is
δ = 3.5%.

The beam after testing is shown in Figure 13.
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Figure 13. A laboratory sample of the beam after testing.

The data on the dependence of optical power loss on press pressure were obtained
(Figure 14).
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Figure 14. Dependence of optical power loss of 650 nm fiber with increasing press pressure force.

The optical power loss of a fiber with a wavelength of 650 nm depends on a step-by-
step increase in the pressure force of the press. In the course of the experiment, it was found
that the increase in pressure on the beam led to an increase in additional losses formed in the
optical fiber. Since the fiber was subjected to mechanical bending, part of the radiation that
went beyond the shell, respectively, was lost. It was found that there is a direct correlation
between the structural force (beam deformation) and the intensity of the light optical spot
formed on the surface of the photo matrix. Accordingly, there is a direct correlation between
the structural force and the level of additional losses in the optical fiber. The intensity of
the optical radiation spot formed on the surface of the photomatrix decreases in direct
proportion to the value of the applied pressure at the center of the tested reinforced concrete
beam, and additional losses of optical radiation power increase. The observed process is
related to the photoelastic effect, as the optical fiber undergoes microbending during the
deformation of the reinforced concrete beam. Accordingly, the optical wave transmission
parameters change due to changes in the refractive index between the sheath and the
fiber core.

It is known that amplitude sensors are simpler in contrast to phase-sensitive sensors.
This will make it possible to create a relatively simple in-design system with a low manu-
facturing cost since it does not use expensive electron-optical components, for example, an
optical circulator, as in [39,40]. Unlike the known optical interferometry methods [28–30],
the proposed system is insensitive to external temperature fluctuations, which is very
important for noise immunity since the working conditions are the observed temperature
fluctuations of a real construction object. The proposed system uses optoelectronic analysis,
which analyzes video images, which provides simplicity in the sensor design and reduces
the cost of the system as a whole in contrast to Bragg gratings embedded in the optical
conductor [24–26], which require analysis of the reflected spectrum using an expensive
spectrum analyzer. The low price will allow for implementation during construction. Labo-
ratory tests of the system have shown that the number of channels can be increased to 16 or
32. The number of channels depends on the computing power of the microprocessor device
and can be increased if more channels are needed. Currently, a four-channel monitoring
system is being developed, which will allow control of the building structure in four zones.
The length of each zone will be 50 m. The main difference between the proposed method
and other methods is the optoelectronic analysis of the optical wave passing through the
sheath of the optical fiber, unlike analogs, which monitor changes in the intensity of the
light wave passing through the core of the optical fiber. Unlike the multi-pixel photodetec-
tor, the use of a multi-pixel one allows estimating the intensity over the entire area of the
light spot coming out of the optical fiber and falling on the surface of the photodetector.
The experiments showed that the stronger the impact on the fiber-optic sensor, the more
white pixels were formed on the system’s screen. It should be noted that a spot of a round
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shape is formed at strong impact. Another difference is the transformation of the light spot
from positive to negative, which allows it to darken the core of the optical fiber and control
only the intensity conducted through its sheath. Further, the negative is converted into a
black pixel pattern, and without impact on the fiber optic sensor, the pixel pattern does
not change. In the research process, the absence of interference was recorded, which was
reflected on the screen in the form of separate white pixels. The reason for this phenomenon
is the non-coherence of the laser radiation source. Accordingly, it is necessary to eliminate
this to equip the source with more effective current and voltage stabilization devices to
increase the coherence parameters.

5. Conclusions

The conducted research allowed the development of a new damage control method
for reinforced concrete building structures. This method is based on the intellectual optical-
electronic analysis of additional losses formed at microbends of the optical fiber when a part
of the radiation from the core into the sheath spreads along it to the photodetector, which
converts optical parameters into electrical ones. Then, the hardware-software complex
performs intelligent analysis of the optical wave, first of all its intensity. A conceptual
physical and mathematical model of opto-electrical processes occurring in an optical fiber
has also been developed. The obtained results of experimental studies have shown that the
AIC is able to control the change of load on the reinforced concrete beam, with the obtained
values allowing to plot the dependence of additional losses on the applied pressure with
fairly good linearity. AIC is able to monitor not only the change of load on the reinforced
concrete beam but also to record the fact of its destruction, which is very useful from a
practical point of view. Since AIC is used to control the integrity of reinforced concrete
structures and foundations, timely notification of the danger of destruction of the structure
will allow you to take measures to strengthen it. It is also possible to determine the place of
damage where cracks have formed. Unlike existing analogs, the proposed AIC has a more
straightforward design and is low-cost. Using single-mode optical fiber and optoelectronic
analysis to assess the change in the intensity of the optical spot allows for the formation
of a numerical picture of pixels. These changes are directly related to changes in the load
on the reinforced concrete beam. The higher the load level on the reinforced concrete
beam, the greater the number of white pixels reflected in the program window. Unlike
the known methods of optical interferometry, the proposed method has no problems with
interference caused by changes in the temperature of the optical fiber inside the reinforced
concrete structure. Based on the proposed AIC, a quasi-distributed system for monitoring
the state of the reinforced concrete structure can be created. In this case, each sensor will
control a strictly defined zone 10 to 50 m long. The length of the zone will depend on
the specific needs of the personnel involved in the operation of the building or reinforced
concrete structure.
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Appendix A

For the model of a single-mode cylindrical fiber optic element described in Section 2.2.2,
the monochromatic light flux from the source is incident on the cross section of the sample
in the direction of its axis, taken as the coordinate axis OZ. Then, the difference in the path
of the reflected and refracted rays, in the adopted geometric model δr = l2 cos Ψ− l1, calcu-
lated from expressions z1 = d

2tgθ , z2 = d
2tgγ , taking into account the equalities z1 = l1 cos θ,

z2 = l2 cosγ and, can be represented in the form δr = d
2

(
1

sinγ cos Ψ− 1
sinθ

)
. Further, an

approximate expression for the phase difference of these rays φ−φ0 ≈ ω
c × δr, gives the

expression φ− φ0 ≈ ω
c ×

d
2 sinθ (n cos Ψ− 1), which is similar, both in the structure of

the formula and in its content to the expression previously constructed, in Section 2.2.2,
φ − φ0 = ω

c (n cos Ψ− 1)
(→
τ 0
→
r
)

. Since vector
→
r oriented, as defined in Section 2.2.2,

along the direction of the incident light ray (in the direction in which the unit vector is se-
lected,

→
τ 0), obviously characteristic of the model under study is the equality d

2 sinθ = r = l1.
This result can be interpreted as another criterion for the reliability of the formula φ−φ0 =
ω
c (n cos Ψ− 1)

(→
τ 0
→
r
)

.
As a special case, consider the model of a single-mode cylindrical fiber optic element,

the refractive index of which at wavelengths in the visible optical range satisfies the
condition n→ 1 . In this case, according to the geometric model described in Section 2.2.2,
δr ≈ btgγ.

According to the geometric model we accept, we determine the difference in the
path of the refracted and incident rays δr ≈ b sinθ√

n2−sin2 θ
, where b—parameter added to

(Section 2.2.2). Then, the phase difference between the incident and refracted wave takes
the following form:

φ−φ0 =
ω

c
b sin θ√

n2 − sin2 θ
(A1)

based exp. (A1) and exp. φ − φ0 = ω
c (n cos Ψ− 1)r, and introducing the notation

u =
√

n2 − sin2 θ, we construct the characteristic equation u2 − u cos θ− btgθ
r = 0, which

allows us to calculate the refractive index of the optical fiber

u =
cos θ+

√
cos2 θ+

4btgθ
r

2
. (A2)

Appendix B

With minor deviations from Hooke’s law, the potential energy of a stressed body with
the accuracy of a term of the fourth degree in the expansion with displacements in the
longitudinal direction coinciding with the axis of the beam) is calculated:

U(x) ≈ kx2

2
+
βx4

4
. (A3)

In (A3), the known from the elasticity theory coefficients β = kβV/l2, k = ES/l,
and β = kβV/l2 = ESβV/l3 are used. The coefficient of relative solid extension is
βV = µε2

|| [51], where ε|| = |∆l|/l is relative longitudinal elongation and µ = βV/ε2
||

is Poisson coefficient that is calculated taking into account the βV = |∆V|/V parameter.
Accepting βV = |∆S||∆l|/S0l0 = ε⊥ε||, where ε⊥ = |∆S|/S0 is the relative transverse
expansion (elongation or compression), µ = ε⊥/ε|| [51]. Using ε|| = |∆l|/l, ε⊥ = |∆S|/S0,
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there is µ = (|∆S|l0)/(S0|∆l|), from where, assuming the cross section to be round and the
longitudinal deformations to be elongations (compressions), the following is obtained:

µ =

l0

∣∣∣∣( R
R0

)2
− 1
∣∣∣∣

|∆l| . (A4)

From the condition of the equilibrium mg + P = k|∆l| the following is obtained:

µ =

πR2
0

∣∣∣∣( R
R0

)2
− 1
∣∣∣∣E

mg + P
. (A5)

In (A5), R0, R are the radius of the beam cross section in the non-deformed and
arbitrarily deformed state, m is the beam mass, P is the external force (mechanical) load
concentrated in the geometrical center of the beam symmetry axis, and E is the Young
modulus of the beam material [51].

Expression (A5) for the Poisson coefficient can be interpreted for the case of transverse

expansion R > R0, when R = R0

√(
1 + [(mg + P)µ]/(EπR2

0)
)
, as well as for compression

R < R0, when R = R0

√(
1− [(mg + P)µ]/(EπR2

0)
)
. The theoretical study of the effect of

the sample geometric parameters R0, l0, its deformation parameters ∆d⊥ = |R− R0|/R0,
∆d‖ = |∆l|/l0, and temperature on its optical properties (in general, the effect of photoelas-
ticity), in particular, on the value of the refractive index of the optical fiber material in the
optical (high-frequency) range (without taking into account relaxation-polarization phe-
nomena and conductivity) nnon−de f ;∞(ζ0; E0, H0,ω; T; θ; b0;α0; l0; R0) should be performed
from the solutions of the system of kinetic equations [47,48] describing, in combination with
the d’Alembert equation, nonlinear electronic optical processes in a deformable material.
Here, (ω; E0) are the parameters of the electromagnetic field of the wave. The ζ0 parameter
is a set of different characteristic structural parameters of relaxers (molecular centers of
light scattering in a substance), including the activation energy, on ionic-molecular chemical
bonds, the frequencies of natural vibrations of relaxers near the equilibrium position (local-
ized at the nodes of the crystal lattice), the potential barrier width, etc., and the structure
parameters (depending on the physical and chemical properties, type, and geometry of the
crystal structure of the fiber optic sample [51].
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