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Abstract: Road infrastructure is a key public asset because it benefits the social and economic development of
any country. It plays an important role for the development of the industrial complex, the production sector
and the road surfaces of transport roads should be of high quality, have a long service life. Road infrastructure,
as well as all infrastructure, requires preservation, maintenance and repair. There are special requirements for
the roadway that must be observed during construction or repair. This article is devoted to a detailed study of
the use of fiber optics sensors (FOS) based on the fiber Bragg grating (FBG) for road surface monitoring. Such
a fiber sensor consisting of a fiber Bragg grid and a pair of grids can offer the possibility of simultaneous
measurement of deformation and temperature for monitoring the pavement. Temperature and deformation
measurements were carried out by installing a sensor on the surface of a made asphalt sample. The built-in
fiber sensor based on FBG provides important information about how the pavement structure can withstand
the load, subsidence of soil, timely implement road safety and stability measures evaluate and predict the
service life of the pavement. The results of the study showed that the synchronicity, repeatability and linearity
of the characteristics of the fiber sensor are excellent. The difference between the experimental and theoretical
results is about 7%. Thus, based on the results of the obtained data, the fiber sensor on the FBG can be used for
monitoring, designing road surfaces and in general transport infrastructure.

Keywords: fiber sensor; fiber Bragg grating; monitoring; road surface; temperature; deformation

1. Introduction

Currently, the number of vehicles in our country is growing and this leads to the activation of
monitoring systems that monitor the condition of the road surface. This increase in the number of
vehicles on the roads also leads to more damage and damage to the road surface. The condition of
the road surface must be accurately assessed to determine the severity of the damage to the road
surface and the types of damage to the road surface. The condition of the road surface has a direct
impact on road safety, operating costs, driving comfort and economic results in society. Paved and
unpaved roads require regular maintenance to ensure and maintain user usability, accessibility and
safety. For a long time, the road surface deteriorates under the influence of the environment, transport
load, temperature and water. Every day, road surfaces are subjected to vibration, deformation and
temperature effects. Therefore, monitoring systems are considered an important stage of
maintenance processes. To date, various control methods have been developed, which required a lot
of time to inspect and process the data received and cost money and also all the roads were built
decades ago, need strengthening, restoration and replacement. Damage caused to roads may not be
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easy to visually observe initially, as well as to assess, it is important to detect damage at the early
stages of its development [1].

The main common types of asphalt pavement destruction are rutting, cracking and subsidence
[2] caused by movement through channels and overloading of the pavement [3]. Pavement design is
a process of long-term design evaluation, which is necessary to ensure the effective distribution of
traffic loads at all levels of the overall road structure. The general construction of the road consists of
an upper layer, one or more base layers, a base and a roadbed. Stresses and deformations occurring
at these levels should be within the capabilities of the materials used. Pavement design is the creation
of an engineering structure that will efficiently distribute transport loads within the selected load
parameters by minimizing the cost of the pavement over the entire service life, including work costs;
user costs; environmental impact and so on. To monitor the road surface, it is necessary to obtain a
complete analysis not only from above, but preferably from inside the road surface. Currently,
effective and reliable sensing elements are in great demand for predicting mechanical properties and
the occurrence of damage to road surfaces. The development of information and sensor technologies
has led to the invention of advanced pavement monitoring systems. A significant number of
innovative sensor systems based on fiber sensors have been developed, which have a number of
distinctive advantages, such as small size, light weight, resistance to electromagnetic interference [4-
8], corrosion [4,5,9], the ability to conduct distributed and long-range measurements [10,11], harsh
environmental conditions and resistance to high temperatures [12], high accuracy, easy integration
[10,13] and high sensitivity [4,11,14], which can be effectively used for the necessary applications.
Many fibers sensor-based monitoring systems have been developed for continuous measurement and
real-time evaluation of various engineering structures, such as bridges, buildings, tunnels, pipelines,
wind turbines, railway and highway infrastructure, and geotechnical structures. The on-site
pavement detection technology is based on a wide selection of sensors (humidity, pressure,
deformation, temperature, etc.) capable of continuously and in real time collecting information about
the characteristics of the pavement and the environment, overcoming the aforementioned limitations
of traditional external methods. In this scientific study, we will provide a detailed description of the
basic principles of operation of a fiber optics sensor (FOS) based on a fiber Bragg grating (FBG).
Consider the use of fiber temperature and strain sensors based on fiber Bragg gratings in pavement
monitoring systems to find out whether these systems provide reproducible and suitable results for
long-term monitoring.

2. Materials and Methods

Road surface monitoring. Monitoring the condition of the road surface plays an important role
in ensuring the safety and comfort of driving for road users, from pedestrians to drivers. Modern
road surfaces are multi-layered structures, which is a combination of layers of granular and higher-
quality materials such as asphalt, binder and concrete. The figure shows an example of the
construction of the road surface.

Rigid pavement

Non-rigid pavement

(gravel, sand, etc.)”

Earth bed

Asphalt concrete pavement Cement concrete pavement

Figure 1. Road surface construction.

Dirt or gravel roads are usually made from a mixture of natural materials consisting of gravel
and shallow slopes, such as silt and clay, which are used to increase the adhesion of gravel roads.
This type of road usually consists of three layers: a road surface, a layer of gravel and a layer of
roadbed. The surface layer consists of sandy, rocky or rocky slopes, depending on the geographical
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location of the area. Unpaved roads cannot provide high speed and a safe surface for vehicles and
pedestrians.

Asphalt is a composite material commonly used to cover roads, parking lots, airports and in
bulk dams. It consists of a mineral aggregate bound together with an asphalt binder, laid in layers
and rammed.

The concrete pavement of the road is a cement-concrete monolithic road of high quality.
Sometimes a concrete road surface means a road made of concrete slabs, which is not monolithic, but
such a structure belongs to the category of temporary highways. The concrete pavement of the road
has high performance characteristics, which makes it possible to use it for the construction of
highways with high traffic congestion.

The complexity of pavement materials due to the uncertainty of composition, temperature
sensitivity, viscoelasticity characteristics [15] and compaction level [16] is a problem that hinders the
development of effective means of damage detection and monitoring of road structures.

Today, pavement design is considered an important factor in maintaining the best characteristics
of infrastructure in cities and ensuring the safety of road users. The road surface deteriorates and,
consequently, affects the quality of driving and the safety of users. Consequently, the need for a
significant monitoring system becomes necessary for the application of appropriate maintenance
processes in accordance with the type of faults.

Figure 2 shows the main types of destruction of road surfaces.

Figure 2. The main types of road destruction: track, break and subsidence of the roadbed, pothole,
open cracks, grid of cracks, crumbling of asphalt concrete.

Road surface monitoring is a visual control of the surface, monitoring of traffic and weather, as
well as measurements on the road surface. Usually, this monitoring is carried out by the operator
from a moving vehicle or using automated sensors installed on the vehicle. For more accurate
diagnostics, sensors can be embedded in the road surface. Over the past few decades, a wide variety
of sensors have been developed to measure the distribution of deformations and stresses in pavement
structures. The data obtained as a result of various on-site measurements (stress, deformation,
displacement, etc.) are necessary for a better understanding of the behavior of the pavement and
identification of the main mechanism of destruction, which is difficult to determine due to the
variability of the pavement, sensitivity to temperature and viscoelasticity of the pavement materials.
By combining these data with numerical models [17,18], it is possible to predict damage to the road
surface more reliably.

Sensors used to monitor the road surface must be compatible with the heterogeneous nature and
mechanical properties of materials and take into account the unique features of the road surface. They
must meet the following requirements:

e  sensors should be as small as possible so that they are not too intrusive in the layers of the road
surface;
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e  tomeasure the deformation, the stiffness of the sensors must match the stiffness of the pavement
mixture in order to properly measure the mechanical properties of the pavement;

e  sensors should pull out the highest loads experienced during the construction of the pavement
(loads such as temperature and compression);

e for long-term monitoring of the road surface, the sensors must be resistant to corrosion and
thermomechanical conditions.
Fiber sensors meet these requirements.

3. Results

Fiber sensor based on fiber Bragg grating in pavement monitoring systems.

Fiber sensors are used in road infrastructure due to their unique advantages: small size,
lightweight, high sensitivity, corrosion resistance, immunity to electromagnetic interference, high
throughput, ability to integrate into an aggressive environment, ease of installation and long service
life. These advantages can be a potential solution for reliable sensors for long-term monitoring of the
road surface. Fiber sensors can be used to perform local or distributed measurements with high
accuracy over a wide range of voltages and temperatures. Fiber sensor technology has already been
used for experimental investigation of the behavior of the road surface [19,20] and monitoring of the
road surface [21,22] with positive results. Namely, the most proven, of course, is the technology of
using a fiber sensor based on a fiber Bragg grating [23].

Typically, such sensors are used in civil engineering and are widely used in the field to measure
loads, deformations and temperature. A single fiber sensor based on FBG can potentially provide
many traffic parameters, such as weight, speed and type of vehicle, road surface wear and
temperature.

Thus, the use of fiber sensors based FBG for road surface monitoring can be used as a new
research method for a long-term process in real time.

The fiber Bragg grating is a microstructure (several millimeters long) created by modifying a
standard single-mode telecommunications fiber doped with germanium using an ultraviolet laser.
This microstructure creates a periodic change in the refractive index of the optical fiber. When light
travels along the fiber, the Bragg grating reflects a very narrow range of wavelengths; all other
wavelengths are transmitted through the grating. The center of this band of reflected wavelengths is
known as the Bragg wavelength. The period in FBG increases due to physical stretching or
compression of the optical fiber. This change results in a shift in the Bragg wavelength, which is then
detected and recorded by the data acquisition system.

To measure the deformation and for use in monitoring the asphalt layer, sensors based on FBG
were used and investigated [24].

Several authors have studied the change in deformation when the gap is opened under the
influence of a load on the wheel and the detection of road surface precipitation by installing fiber-
optic sensors using Brillouin optical time domain analysis technology along the road boundary and
on the surface of the road surface [25,26]. Also, some studies have experimentally proved that
embedded FBG coated with an adhesive polyethylene composite of 5 mm in diameter can potentially
directly determine the behavior of asphalt, even if asphalt has a low modulus of elasticity, since
flexible FBG have a slight reinforcing effect on the deformation field [27].

The use of sensors based on FBG and Brillouin optical reflectometry, which could provide
information about the sediment of the roadbed and ruts in real time [28]. The potential and feasibility
of practical application have been proven during laboratory tests. FBG sensors can also be applied
and work well in harsh enviro FBG can identify weak, compacted areas based on different values of
the FBG sensor response and can serve as a long-term monitoring system for the condition of the
pavement structure [29].

Figure 3 shows the principle of operation of a fiber sensor based on the FBG.
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Figure 3. The principle of operation of fiber sensors based on VRB.

Many sensors can measure only point deformations inside the pavement or deformation on the
surface, as well as the temperature effect on the pavement separately.

Sensors based on FBG are sensitive to deformation and temperature. This allows for use in FBG
for temperature monitoring, but it also means that it is good practice to combine a temperature sensor
with a strain sensor to compensate for the effect of temperature on the strain sensor. In addition to
deformation and temperature, sensors based FBG can be used in transducers to monitor a variety of
other parameters, such as tilt, acceleration, pressure and other similar parameters.

To distinguish the temperature and deformation parameters in the fiber Bragg grating, it occurs
by using the core-shell mode coupling.

The core and shell modes exhibit different heat sensitivity, while the sensitivity to deformation
is approximately the same. Monitoring of the resonance of the core-core mode coupling and the
resonance of the core-shell mode coupling in the spectrum of one FBG makes it possible to separate
the wavelength shifts caused by temperature and deformation.

Mathematical modeling allows you to determine several properties of sensors. For sensors, the
relationships linking individual quantities and parameters are very complex. Therefore, modeling of
such sensors requires a matrix approach.

Matrix equations of sensors with Bragg gratings allow us to determine the relations describing
the method of processing the measured values (for example, deformation and temperature at the
same time) on the values of the grating parameters, and on their basis to determine this value.

Let us consider the analysis of the construction of matrix equations for sensor systems with the
use in FBG for measuring deformation and temperature. Due to the large number of FBG systems
currently being developed, used to measure deformation and temperature, have been reviewed,
analyzed and classified based on various criteria. Highlights: the operating principle used in the
sensor, the type of grating parameter that is used to determine the measured size, as well as the type
and number of grilles used.

To obtain matrix equations of systems with FBG for simultaneous measurement of deformation
and temperature, one must begin by recording the dependence on the Bragg wavelength for a
homogeneous grating, which takes the following form:

AB =2neff -A, (1)

where neff - is the effective refractive index in the core of the fibers on which the grating is written,
A - is the grating period. The appearance of changes in the temperature of the AT and the deformation
of the Ae causes a change in the Bragg wavelength in accordance with the dependence:

on oA on,, oA
My =2 A—L+n, — |Ae+2 —L+n, — |AT @)
o€ 7ol or % dr
in which T denotes the grating temperature, € is the relative deformation described by the
dependence:
==, ®)

lo

where Al determines the change in the length of the gratings, l,- is the initial length.
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Let P1 and P2 denote two different parameters of the Bragg gratings, which will change as a
result of the induced deformation or temperature change of the gratings. The matrix equation of
temperature and strain sensor processing takes the following form:

P] [K T

ol = @
where KT1 is the sensitivity of parameter P1 to temperature, KT2 is the sensitivity of parameter P2 to
temperature, KE1 is the sensitivity of parameter P1 to deformation, and KE2 is the sensitivity of
parameter P2 to deformation.

Analyzing equation (4), it can be seen that simultaneous measurement of deformation and
temperature is possible if for a given measuring system we determine two different grating
parameters (or a system of several grating) that show different sensitivity to the quantities under
consideration, and the inequality P1 # P2 is satisfied. The analysis of equation (4) also allows us to
conclude that, knowing (or determining, for example, experimentally) the sensitivity of the gentle
parameters P1 and P2 to deformation, respectively KT1, KE1 and KT2, K€2, it is possible to determine
temperature and deformation simultaneously.

Defining the algebraic complements of all sensitive KT1, KE1 and KT2, KE2 from equation (4) is
obtained:

d11=(-1) 1+1 KE2= KE2,d12=(-1) 1+2KT2= -KT2, 5)
d21=(-1)2+1 K€1= -KE€1, d22=(-1)2+2KT1= KT1,
that when the nonzero condition of the determinant of the matrix from equation (4) is met, it allows
to construct its complement matrix based on equation (5), which can be written as:

T Kri =K [Pl]
[ ] Ky K |*[P, (6)
where D is the determinant of the matrlx from equation (4) and is equal to:
D = KT1, KE2 - KT2, KE1, @)

The condition of various sensitive ratios of parameters P1 and P2 to temperature and
deformation makes it possible to simultaneously determine the deformation and temperature by
measuring the values of these parameters. Assuming that the measured parameters P1 and P2 are the
shifts of the Bragg wavelength in the wavelength AAB1 and in the wavelength AAB2, and knowing
the values of the constants of the fiber on which the mesh is recorded, we can determine the
theoretical values of sensitivity to temperature and deformation. The sensitivity of the wavelength to
temperature is determined by the dependence:

KT = 22 —KT 2B (8)
where kT is the coefficient of relative sen51t1V1ty to temperature, equal to.
_ _ laA 1 Onef
KT = (ap + an JK-1 = [(A aT) (neff ar f)] ©)

The parameter a,- is the coefficient of thermal expansion of the optical fiber (for quartz glass, its
value is 0,55-10-6K-1), on the coefficient of thermo-optical fiber (on =8,6:10-6 K-1).
The sensitivity of the wavelength to deformation is determined, in turn, as follows:
Ke= 22 —keaB (10)

in which ke is the Coefﬁc1ent of relative sensitivity to deformation and is
equal to:
ke=1-pe , (11)
where pe is the elastooptic coefficient describing the change in the refractive index of the fiber under
the action of deformation (pe = 0,22).

Based on the analysis of equations (8) and (10), it is possible to determine the deformation and
temperature sensitivity of the gratings for a given Bragg wavelength. Substituting equation (9) into
equation (8) and (11) into (10) and taking into account the values of the characteristic coefficients, the
theoretical values of the gratings sensitivity to temperature and deformation are obtained, equal
respectively to

KT =142 pm/oC and K& =1.2 nm/ me.

Since the gratings reacts to changes in deformation and temperature by shifting the Bragg
wavelength, according to equation (2), it can be assumed that the parameters P1 and P2, on the basis
of which the values under consideration are determined, will be shifts of the Bragg wavelength, for
example, a system of two gratings at the output AABland at the output AAB2. In this situation, a
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differential system can be used in which the Bragg wavelength shift of two gratings AAB1 and AAB2
is used due to temperature changes [30], deformation [31], force [32] or dispersion [33].
Measurement of two different Bragg wavelengths is also used [34].

3.1. Simultaneous Measurement of Deformation and Temperature Using Fiber Bragg Gratings

Based on the mathematical model, we will consider the option of simultaneous FBG with
different Bragg wavelengths.

To conduct the experiment, a fiber sensor based on FBG was installed on the surface of asphalt
concrete samples to test reliability. Several temperature ranges were used during the tests. The
sample was heated, then cooled and simulated natural conditions for road surfaces. The deformation
measurements of pavement structures were verified by installing a sensor on the surface of an asphalt
concrete sample under indirect tensile load conditions.

Figure 4 shows a laboratory bench using two FBG with different Bragg wavelengths for
simultaneous measurement of deformation and temperature [35].

{ l 4 jé} ].9
e SLD 2] absorber o000 @

controller

c0up|er -------------

optical @

sensor 00

SLD 1] >

Ag 1 | Ag
|

| 6 7 optical

1/
L o "1-7 ------ powat meter
M controller ’t:’

Figure 4. The schematic Diagram of the measuring system used for simultaneous measurement of
deformation and temperature.

The system consists of the following components:

SLD1 and SLD2-superluminescent diodes at a wavelength of 1325nm and 1550nm;
controller;

fiber optic connector;

two grilles FBG1 and FBG2;

optical spectrum analyzer;

e temperature chamber.

The measurements were carried out in two stages: the first with uniform heating of the entire
grid and a certain point of the grid.

The error of the temperature measuring device does not exceed + 0.5 °C at temperatures ranging
from 20 °C to 135 °C. Also, this stand can be tested at low temperatures. This can be realized using
liquid nitrogen and the effect of a heating element. The grate is heated by a resistive heating plate.
Temperature control is provided by an autotransformer. Environmental conditions:

e  operating temperature: from +5 to +40 ° C;
. storage temperature: from -5 to +40 ° C;

e humidity max 70% relative humidity;

e  maximum voltage: +/-1000 pe

e reflective spectrum: <0.25 nm in 3 dB;

e reflective: 70- 90%;

¢  bandwidth (reflection) at -0.5 dB: <0.12nm;
e  bandwidth (reflection) at -25 dB: 0.5 nm;

e  transmission spectrum: <0.25 nm in 3 dB.

Light from a configurable super luminescent diode SLD1 with a central wavelength of 1050nm
and a half-band width (FWHM) equal to 50nm, controlled by a controller (3 in Figure 4), the power
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and temperature of the diode are directed by a single-mode fiber SMF 28 to a fiber optic connector (5
in Figure 4 ). At the same time, the light from the second SLD2 diode with an average wavelength of
1550 nm and a transmission width of the spectral characteristic equal to 110 nm is directed by the
same fiber optic connector into a system with two grilles FBG1 and FBG2. The gratings were recorded
on a single-mode fiber injected with hydrogen using the phase mask technique in such a way that
their Bragg wavelengths were AB1=1035.250nm, respectively, and AB2 =1565.035nm. The signal after
passing through the grating was integrated using an optical detector, and the spectrum recorded
using an optical spectrum analyzer with a resolution of 0.0lnm. The grilles attached to the bracket
were placed in a specially designed temperature chamber (8 in Figure 4) with controlled and
regulated temperature of the passing air.

For such a system with two Bragg gratings with different wavelengths at different temperatures,
the matrix equation (4) will take the following form:

AN K K T

o P N 12)
where Alp; and Ak, denote a change (understood as a shift) in the Bragg wavelength of the grating
FBG1 and FBG2, respectively, KT1 and KE1 in the system under consideration are the sensitivity of
the grating FBG1 to temperature and deformation, respectively, whereas KT2 and KE2 denote the
sensitivity of the grating FBG2 to temperature and deformation, respectively.

The sensitivity to deformation of both gratings K€1 and KE2 was determined experimentally by
measuring the Bragg wavelength shifts of the gratings and inducing their deformation at a constant
temperature.

The temperature sensitivities of KT1 and KT2 were determined experimentally by measuring
the Bragg wavelength shifts of gratings at different temperatures, but with constant deformation.

The gratings were glued onto a metal sample, which was then subjected to a tensile force of a
known value, in the system shown in Figure 5.

<«zmianar; i r-p
F,
K
r r
‘ﬁ | ]
FBGI| = | "
FBG2| £
0

Figure 5. Diagram and photo of the experimental systemro.

Taking into account the equality of the moments of forces F and Q and the equality of the length
of the arms on which the forces act, as well as the amount of stress in the sample and its physical
dimensions, it is possible to determine the amount of deformation that the sample will undergo,
according to the dependence:

_m-g- 1/ w:s)

€= = : (13)

where 12 is the length of the shoulder on which the force Q acts, rl is the length of the shoulder on
which the force F acts, Q is gravity, m is the mass of the weight, 2, g is the acceleration of the earth,
s and w are the width and thickness of the sample, respectively (s=10 mm, w =1 mm), whereas E is
Young's modulus (E = 20,55-1010 N/m2).
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Temperature tests carried out using a thermal chamber (Figure 6) allowed direct temperature
measurements, which eliminated the need to determine them based on intermediate values, as was
the case in the case of measuring the previous size (deformation) - in accordance with equation (13).

Figure 6. Photo of the thermal chamber used in the experiment with the marking characteristic
elements. 1-heat chamber, 2-air flow direction, 3-thermometer probe, 4-temperature measurement, 5-
lever rl, 6-arm r2, 7-stretched sample.

Performing a series of calibration measurements makes it possible to determine the sensitivity
of the gratings to both measured values. Then, based on changing the gratings parameters and
inverting the matrix (12), it is possible to simultaneously determine the temperature and deformation.
The results of measurements of the wavelength depending on the deformation are shown in Figure
7, and measurements depending on the value of the variable temperature are shown in Figure 8.

10, v v Y Y v v Y

9 . . . . + . -+ —t -

Wavelength shift, nm

1000 2000 3000 4000 5000 6000 7000
deformation, ue

Figure 7. Results of experimental measurements for variable deformation and constant temperature
equal to 23.50C.

The results obtained during experiments with variable deformation (Figure 7) were subjected to
linear regression. Simple ones were assigned, on the basis of which the non-linearity error of the
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sensor processing characteristic was determined. The nonlinearity is determined by the magnitude
of the nonlinearity error calculated in accordance with the dependence (14) [36]:

. AMAgimax . 0 14
Bl (MRri)Max—(AARiIMIN 100% (19

where A(AAp;)pmax the value of absolute differences, determined by the equation of simple regression,
and the straight line obtained from the measurement results.Index i denotes the number of the
gratings for which the error is calculated (i=1 or 2 for FBG1 and FBG2, respectively), (AAp;)pyax_and
(AAp;)pinthe maximum and minimum values of the Bragg wavelength shift differences of the i-th
grating, respectively.

The values of the nonlinearity errors indicated in this way were the initial 8,,,=0,06% and the
initial 8y)¢,=0,08% for FBG1 and FBG2, respectively. Pearson's linear regression correlation coefficient
[36] was 0.987 for FBG1 and 0.985 for FBG2.

Based on the slope angle of simple regressions, the values of sensitivity to deformation of the
gratings used in the studies were determined. They were respectively K€1= 0.77 nm/me and K€&2=
1.22 nm/me.

The next step of laboratory research was to determine the errors in the nonlinearity of the
processing characteristics of the constructed sensor-this time used to measure temperature. The
measurement results are shown in Figure 8 In this case, the nonlinearity errors were 3.43% and 2.36%,
and the temperature sensitivities KT1 =9.45 pm/°C and KT2 = 14.34 pm/°C, respectively, for the FBG1
and FBG2 gratings.

1.6

e FBG1
X FBG2

0.8}

0.6p

0.4}

wavelength shift, nm

0.2p

%0 30 40 50 60 70 80 90 100
temperatura,°C

Figure 8. Results of experimental measurements for variable temperature and constant strain value.

Figures 9, 10, 11 show graphs of the dependence of the Bragg wavelength on temperature
obtained experimentally. The black line and dotted line respectively show the theoretical dependence
and the red and blue line correspond to the experimental result. And it can be seen that the Bragg
gratings function is linear. Linearity is the ability of a fiber sensor based FBG material in a structure,
to maintain a linear response under external excitation and is a prerequisite for reasonable

monitoring.
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Figure 9. Dependence of the Bragg wavelength AB on temperature.
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Figure 10. Dependence of AB = 1554.4 nm on temperature.
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Figure 11. Dependence of AB = 1566.5 nm on temperature.

The new matrix from equation 6 can be written after taking into account the values in the
experiment has the form:

[T] _ 1 [ L22nm/me  -0,77nm/me « [A?\Bl (15)
el 049 |-14,34pm/°C  9,45pm/°C AAB21 7

The nonzero determinant of the matrix D indicates that the matrix containing the coefficients of
wavelength sensitivity to temperature and deformation is well conditioned.

Summing up the above considerations, we can conclude that it is possible to simultaneously
measure deformation and temperature using two Bragg gratings with two different resonance
constants. The measurement errors of the wavelength offset are determined by the resolution of the
spectrum analyzer (0.01 nm). Knowing the resolution of the OSA, it becomes possible to determine
the errors in determining the coefficients KT1 KE1 and KT2 KE€2, which, in turn, allows you to
determine the error of the standard determinant of the matrix D.

Conclusion: in order to obtain a high measurement sensitivity, it is necessary to build a
measuring system in order to obtain the maximum possible absolute value of the determinant of the
matrix |DI. This is possible when the two components in equation (7) KT1 KE€1 and KT2 KE&2 will
have opposite signs. It is worth paying attention to this element, because in many works the absolute
values of similar factors are very unfavorably close [38]. A greater difference between the factors
under consideration can be obtained by choosing another type of fiber with high birefringence (for
example, fibers with an elliptical core) [39].

It follows from the analysis that if we use two fiber-optic elements (for example, Bragg gratings)
with the same sensitivity as a sensor for measuring deformation and temperature, we should choose
elements with opposite directions of reaction to one type of quantity (for example, deformation) and
simultaneously with the same directions of reaction to the second quantity (for example,
temperature).
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When transferring the above principle to the field of other measuring applications, it is necessary
either to choose two types of fiber-optic elements (these do not necessarily have to be only Bragg
gratings), or to organize a way to place and install them on the measured object in order to make
them sensitive to one of the measured values had the opposite sign and at the same time had the
same sign. and the value for another of the measured values.

4. Discussion

The presented experimental characteristics prove that it is possible to use a measurement
method using a sensor with two Bragg gratings. One of them was subjected to deformation and
changing temperature and the other was only exposed to temperature.

The formulation of a matrix equation for a sensor with two homogeneous Bragg gratings used
for equal measurement of deformation and temperature, and after experimental measurement of the
individual sensitivity of the gratings placed in the sensor processing matrix demonstrates the
possibility of determining changes in temperature and deformation through further use of the matrix
due to its good conditionality.

Analysis of the influence of fiber optical properties on matrix equations and determination of
such gratings parameters that must be measured to simultaneously determine the relative and
temperature deformation. For sensors for measuring strain and temperature equally using the correct
way of placing Bragg gratings on properly designed fibers, it can be shown that the relationship
between the parameters of the gratings and the total deformation experienced by a pair of gratings
can be expressed in matrix form. In order to show which parameter of the gratings or the Bragg
gratings layout, to what extent and on what magnitude it is measured (temperature or deformation)
depends, the analysis of matrix equations for processing the selected systems is carried out.

From the experimental results obtained in Figures 7 and 8, it can be seen that the Bragg grating’s
function is linear. The values of the nonlinearity errors indicated in this way were the initial &=
0,06% and the initial &y¢,=0,08% for FBG1 and FBG2, respectively.

nm

The measured sensitivity of the Bragg grating is 0,03 °C higher than the theoretical ones. The
excellent stability the fiber sensor based of FBG is suitable for controlling the pavement system and
ensuring its safety.

It can be seen that the repeatability and reliability of long-term temperature monitoring is
ensured by using this type of FBG sensor, capable of measuring temperature with an accuracy of no
more than 10C for at least one day, can be easily performed in a reasonable manner within the
experimental errors, which are mainly due to instrumental resolution and environmental
fluctuations. The excellent stability characteristics of this FBG sensor made it possible to monitor
pavement structures in difficult conditions with reasonable accuracy for a very long period of time.

Summing up it can be noted that the nature of both studied dependences of deformation and
temperature turned out to be linear and within the margin of error. This main result of the work is
in full accordance with the theoretical as well as practical data available at the moment. This section
may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

5. Conclusions

Currently, fiber sensors are widely used to monitor various designs. The article considered a
fiber sensor based on FBG for monitoring the road surface. Any structure bridges, buildings, road
surfaces are subjected to some loads and temperature changes. The deformation and temperature
varies from point to point in these structures. It is necessary to measure these parameters from time
to time. Monitoring of the technical condition of the road surface ensures safe operation and is the
main tool for timely detection of trends of negative changes in the road surface at an early stage. Real-
time monitoring of road performance using built-in sensors is a powerful tool for assessing road
surface wear over time. The aforementioned sensor technologies allow measuring stress,
deformation, deflection, humidity, traffic characteristics, temperature, which directly affect the
reaction of the pavement under loads caused by vehicles and the environment. It was found that the
duration of the load and the temperature of the pavement can greatly affect the magnitude of the
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resulting deformations in the layers of the pavement. The road surface is affected by such parameters
as ambient temperature and deformation from external factors. The deformation varies depending
on the temperature. At normal temperature, the strain value decreases and increases at high
temperatures. Therefore, it is very important to take into account the temperature of the road when
measuring deformation from passing vehicles.

A matrix equation for a sensor with two homogeneous Bragg gratings used for equal
measurement of deformation and temperature, and after experimental measurement of the
individual sensitivity of the gratings placed in the sensor processing matrix demonstrates the
possibility of determining temperature and deformation changes by means of an inverse matrix due
to its good conditionality. To simulate pavement structures under various loads and environmental
conditions, an the fiber sensor based of FBG was embedded in asphalt samples for simultaneous
measurement of temperature and deformation. In addition, in future works, this type of sensors will
already be implemented in real pavement structures for testing reliability and performance.

We hope that based on the research results, the considered sensor can be used not only to
improve the monitoring of test sections of the road surface using the concept of an intelligent
infrastructure system, but also to provide data and information in real time for the design and
construction of the road surface. And it will also be able to benefit the development and application
of new materials for the design procedure of mixtures and the improvement of the road surface
management system.

Acknowledgments: The research was carried out within the framework of the project of the GF "Zhas Galym"
No AP 14972921 "Research and development of a fiber sensor for monitoring the condition of road surfaces".
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