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Development of the territories with specific climatic conditions
requires the selection of effective materials. Multilayer
composite materials are suitable for these purposes in road
construction in the Arctic. The article presents a design scheme
for a multilayer road surface, which is used to determine the
collection of traffic loads. The method of solving the inverse
Cauchy problem and the empirical formula to determine the
value of the temperature arising from deformation at the
contact point of the surface of a multilayer road surface and
transport are determined. The experimental studies conducted
were aimed to determine the heat transfer through a three-
layer road surface made of structural foam concrete of the
D1200 brand. The processing of experimental data on
temperature values made it possible to derive the formula to
determine the change in the layers’ temperature depending on
their number.
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1 INTRODUCTION

Choice of an effective material is one of the most important
aspects of construction. It is essential for the material to meet
the specified requirements, to be wear-resistant, and to have
minimal effect on the external environment [Cachova 2018].

In April 2021, the unified action plan for the implementation of
the Fundamentals of the State Policy of the Russian Federation
in the Arctic was updated and the Strategies for the
Development of the Arctic Zone of the Russian Federation and
Ensuring National Security for the period up to 2035 were
approved by the Decree of the Government of the Russian
Federation No. 996-r of April 15, 2021. Similar documents — the
Arctic strategies, were previously adopted and updated by
Denmark, Canada, USA, Norway and a number of other
interested countries.

For more than ten years, the development of the Arctic has
been designated at the highest level as a priority task of
economic development and ensuring national security for the
participating countries and observers of the Arctic Council.

Over the years in Russia a regulatory framework has been
created and a number of major projects have been
implemented for the development of the region. But despite of
the certain success of the policy of the past years in the Russian
Arctic, there are still a number of unsolved problems and
challenges of a socio-economic nature. The most acute of them

is the low level of development of transport, information and
communication infrastructures [Karaganov 2021]. By 2025, in
the Russian Arctic, it is planned to reconstruct sections of the
Syktyvkar — Ukhta — Pechora — Usinsk — Naryan-Mar highway
and to construct Naryan-Mar — Usinsk, Kolyma — Omsukchan —
Omolon — Anadyr roads.

The Arctic is characterized by harsh and changeable climatic
conditions: high dynamics of weather changes, year-round
negative temperatures, strong winds and snowstorms, scant
precipitation, multi-meter ice cover [Streletskiy 2015].
Therefore, multilayer structural composite materials are
suitable for construction of road surfaces in these conditions
[Pogrebnjak 2017]. It is also necessary to know the processes
occurring due to heat transfer.

Several authors conducted a research in heat transfer through
the concrete [Guo 2011, Yuen 2007, Brodnianska 2018, Babiarz
2020, Fogiatto 2019]. The data obtained make it possible to
apply them on practice and develop durable concrete surfaces
for specific operating conditions.

This paper presents a study aimed to research the heat transfer
of multilayer concrete, suitable for road construction in the
Arctic’s conditions.

2 ANALYSIS OF THE PROBLEM

Currently, implementing the principles of the Industry 4.0, it is
necessary to present a multilayer composite in a form of a
complex technical system, as it’s shown in the Fig. 1. Its
research should be carried out using a multifactorial approach,
which makes it possible to identify the regularities of the
functioning and development of such systems under the
influence of external factors [Pivarciova 2019a]. This makes it
possible to formalize a mathematical model close to reality, to
carry out a huge number of computational experiments, to
evaluate the expected results of changes in the state of the
material, and to choose the theoretically optimal solution to
the problem of obtaining the required composite for road
surfaces.
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Figure 1. Design scheme of a multilayer composite road surface:
n—number of layers of the road surface (the last layer no is the soil with
a temperature Tp < 02C); ho — thickness of the layers (assumed to be the
same); No — traffic load; v — vehicle speed; lp — length of the contact
area; bo — width of the contact area

The load Ny is carried out by transport at the speed v (cars,
trucks, tractors, etc.) on wheels-tires under pressure. It is
transmitted to the road surface through the area: Qo = lp-bo. The
value of the load Ny is considered to be set as the average for
the transport system or specific for a certain type of machines
and mechanisms.
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During functioning in the complex systems, such as multilayer
composite road surface, the state, structure and main
indicators are changing. In addition, the specificity of the
implementation of the results of the operation of such systems
is dependent and changes during operation due to changes in
environmental conditions, requirements of industrial
production, science and the market, as well as places of
application of the final product. These transformations often
take place suddenly, but not in a regular and planned way.

For responsible complex systems, the way out is as follows:
when taking into account the influencing factors, it is necessary
to know their possible connection, i.e. mutual influence in
certain situations. lIdentification and assessment of the
interaction of factors are decisive for obtaining multivariate
mathematical models, and the construction of these
relationships as functions is the main task of obtaining a high-
quality composite material [Bazhenov 2012].

Under the action of the load Ny, elastic deformation

(compression) of layer n occurs on the site Qp. For layers 1 and

2 the same load is insignificant, since it is already distributed

over the full area of the layers. The strain rate at the site Qo is

determined experimentally, but it is obvious that this speed will

be less than the speed of sound:

v, = |En. (1)
pm

where E, and pm are the elastic modulus and density of the

layer material, respectively.

The situation with the deformation energy of the layers is

similar. The energy expended on the deformation can be

determined as:

Ey = Aho : No “toaqs (2)
where Ahy =0, -t,,, — depth (amount) of the deformation;
t _Lo —load time; uqes — strain propagation rate.

load —

This energy is spent on overcoming the compression resistance
and heating of the layer material.

Assume that overcoming the compressive resistance (i.e.
overcoming internal friction) also turns into heat. Then the
entire deformation energy Eqer can be taken as thermal energy
applied to the layer n. We suppose that the maximum
deformation of the layer occurs in the first seconds. The
deformation is transmitted to the surface of the multilayer
material through a small area of contact of the transport
wheels with the surface of the layer. For subsequent layers, the
deformation extends to their entire area. Then we determine
the initial heating temperature of the material of the layer n at
the contact surface point from the value of thermal energy.
This will be the moving heat source. To determine its
parameters, we take the source as an unbounded plate and
solve the Fourier problem with constraints. We determine the
temperature on the surface of the base-layer ng by the
maximum heating temperature, the thermal conductivity of the
layer material and its known characteristics as time, area of
action of the load and initial temperature. And, if this
temperature is higher than the melting temperature of the
base-layer material no (i.e., water trapped in permafrost soil),
then it is possible to determine the amount of thawed water
and the subsequent time of its freezing. According to this time,
the permissible intensity g of the vehicle on this roadway is
determined:

Edef +Eheal (3)
Q,

The initial Fourier heat equation has the form [Liu 1990]:

9 _, v (4)
oT

where _, o2 82 ¢*\— Laplace operator; A -
Vi=sl 5+——S+— aQ=—"

oy & C-p
coefficient of thermal diffusivity; 1=4[1+4,(60-6,); Ao —
coefficient of thermal conductivity of the layer material at the
temperature 6y, 2C; Ar — temperature coefficient determined
from tables [Nashchokin 1975]; C — mass heat capacity; p —
layer material density.

The differential equation of thermal conductivity (4) allows us
to determine the temperature depending on time and
coordinates at any point of the heating surface. To solve the
problem, it is necessary to take into account the initial and
boundary conditions [Repko 2005, Lu 2015]:

- the initial condition H(X, y,z,T”)zgo is specified as the

temperature distribution inside the investigated area on the
layer surface at the initial moment of time T; = 0;

- Newton’s boundary conditions specify heat transfer at the
boundary of the layer surface with the environment:

q=aq (00 _gamb)’ (5)

where ap — heat transfer coefficient of the layer material; 8o —
temperature at the surface of the layer; Bump — ambient
temperature.

Parameters in the conditions (4)-(5) depend on time T. In this
case, we solve the one-dimensional Fourier heat conduction
problem. This is a fairly close to real model of the deformation
process of multilayer materials. When the source moves
infinitely long, then the maximum value of the field
temperature is determined by the formula:

2qa
0=29%" [oxp(- &) K, X7+ 27 e, )
AL ;7
u(z—z,); x_UX g 02y :L'h; v — the speed
2a 2a 2a 2a
of movement of the heat source, i.e.
Tdg, 1 — integral representation of
)= [ oo [ migt o L || = el e
49;
the modified zero-order Bessel function of the second kind;
4a? v-r 2 2 2 2.
9=y My=o—y I =(x=x S +(y-y, ) +(z-2);
vr 2a
(x, ¥, z) — coordinates of the points of the deformation area;
(x;, y;, zi) — coordinates of the points of instant heat release g.

where &

vehicle speed;

0 J¢

This approach in constructing the direct Cauchy problem was
used in the thesis [Repko 2005] to determine the heating of the
part from the heat generated during grinding. It is known and
widespread for solving problems in the field of mechanical
engineering [Kalinin 1990, Sipailov 1978]. We used the
equation (6), assuming that the heating value is known, thereby
turning the direct Cauchy problem into the inverse, but applied
to road construction structures.

The initial temperatures 8y must be determined on all layers of
the road surface, ending with the lower one directly touching
the ground. The heat flux is partially reflected from each facet,
thereby reducing the flux density. And, if the thermal
conductivity of the layers is considered constant, due to the
reflection and absorption of heat, the heating of the upper
layer increases, as much as the heat capacity allows it. This
occurs until the temperature at all points of the layer material
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is equal to the heating temperature. This is beneficial for road
surfaces in the Arctic, because it takes longer for all layers to
warm up. By changing the intensity of traffic, it is possible to
regulate the heat transfer between the layers so that the
heating will not reach the ground, and cooling to the ambient
temperature will begin during a break in traffic.

The law of surface temperature variation can be found
experimentally. To do this, it is necessary to select the points of
the layer n, measure their temperature, and formalize the
curve in the form of a power polynomial, by the solution of
which it is possible to find the temperatures and thermal
conductivity of the entire multilayer coating. This final
temperature will be the maximum for the task at hand. Then,
we can calculate any parameter from the equation (6) by
temperature. This will be the inverse Fourier problem.

The solution of this problem is possible using the method of
targeted enumeration, which is a special case of lexicographic
optimization. It assumes that some heating factors are known
or set. In the direct problem, the search for unknown extrema
of these factors is a priority. The solution of the inverse
problem will not be the only one, but it determines the range of
acceptable values.

3 MATERIALS AND METHODS

To conduct experimental studies, models of elements of a
three-layer road surface made of structural foam concrete of
the brand D1200 were designed and manufactured (A = 0,35
W/m-K) [Pivarciova 2019b] with dimensions 100x100x25 mm of
a layer. Thermocouples were installed in micro gaps between
layers.

The number of experiments was calculated according to the
theory of experiment planning, proceeding from obtaining the
required accuracy of statistical data values.

An experimental equipment (Fig. 2) was used to obtain
experimental data.

7
AV

Figure 2. Scheme of the experimental equipment: 1 — connection
module; 2 — multilayer prototypes; 3 — layer temperature meters TRM-
200; 4 — controller-monitor KMC-F1

\2

The experimental equipment is a stand with test samples with
thermocouples attached to them. A heating element is located
at the base of the equipment. An electric heater (t = 130 oC) is
placed on the side of the inner surface of the samples. It
provides heating for specific periods of time.

The temperature of the surfaces of the tested samples is
measured by thermocouples in micro-gaps between the layers
using TRM-200 meters, which show the temperature of the
upper and lower parts of each layer of the test sample. The
amount of heat transferred from the heater to the samples, i.e.
the heat flux, is recorded by the monitor controller KMC-F1.
The equipment is also provided with a connection module and
automation to control the process parameters.

4 RESULTS AND DISCUSSION

The results of experimental studies are presented in Fig. 3. The
temperatures of the lower and upper surfaces of the sample
layers were recorded every 30 seconds for 20 minutes. The
processing of these data made it possible to determine the
nature of the heating of the layers.
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Figure 3. The results of experimental studies in the form of a graph of
the temperature distribution over the layers in time

As it is shown in graph in Fig. 3, a stable surface temperature of
the Layer3 top was reached already after 12 minutes. At the
Layer3-Layer2 interface, this took effect only after 16 minutes,
while the temperatures at the Layer2-Layerl interface and at
the Layerl bot temperature layer remained low, and slowly
rising. This means that the observed layers provide sufficient
thermal resistance to heating.

In Fig. 4 the courses of temperature changes in individual layers
are shown.
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Figure 4. The courses of temperatures changes in individual layers

The individual temperature curves in the layers in Figure 4
show an interesting phenomenon of abrupt changes of
measured temperatures at interfaces of individual layers. This
is due to several factors. For example, a big impact in this has
the fact that the individual layers of the subsoil are not
perfectly connected, and a thin layer is formed at their
interface. This hinders the heat spreading process significantly.
The continuity of heat conduction through the individual layers
is interrupted. The resulting differences may be partly due to
the inaccurate placement of temperature sensors on the
surface of the tested layers.

Comparing the values of temperature indicators on different
layers of foam concrete, we constructed a curve of
temperature changes in the road surface depending on the
number of layers (Fig. 5).
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Temperature curve graph
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Figure 5. Temperature curve graph on the outer surface of the layers

After evaluation of the measured temperatures of surfaces of
the samples at the end of the 20 minutes’ experiment, a
temperature curve graph was evaluated to determine
representative values. This shows the exponential course of
temperature decrease from the point of heat load to the last
layer. To analytically express this dependence, calculation was
done by:

t=a.exp(b.n) (7)
where t — expected heating temperature, °C; n — number of

layers of foam concrete necessary for temperature
measurement; a, b — constants.

For specific experimental results, the values of the constants
were determined:

a=144.04;
b =-0.362.

The thickness of the surface in 5 layers is accepted conditionally
as the most common in road construction.

The exact graph of the equation (7) shows the bends and
changes in the points of abutment of the layers to each other.

The empirical dependence (7) includes approximate data on
calculating the number of layers in dependence on
temperatures occurring on the surface. Both equations (6)-(7)
need to be clarified in practice. In particular, the formula (6) is
in the field of road construction.

In the future, it is necessary to determine experimental studies
to determine the values of thermal contact resistance between
the individual layers depending on time. It also is necessary to
conduct a study of transient processes during heat transfer
between layers. This will also lead to an expansion of the range
of composite materials used.

5 CONCLUSION

Reconstruction of highway sections is planned in the Russian
Arctic by 2025. In these purposes multilayer structural
composite materials can be used. Therefore, it is necessary to
know the processes arising from heat transfer [Janacova 2013]
and developing new materials [Sviatskii 2019].

The demand for multilayer composite materials in the Arctic is
due to the harsh climatic conditions and increased
requirements for the quality of road surfaces in high latitudes.
But with all the advantages, such as excellent physical and
mechanical characteristics, low thermal conductivity, high
chemical and corrosion resistance, etc., the applicability of
multilayer composites in Arctic road construction is still
questionable.

The article defines a method for solving the inverse Cauchy
problem and builds an empirical formula for determining the
value of the temperature that occurs during deformation at the
contact point of the surface of a multilayer road surface and
transport. This is a mathematical interpretation of the process
of heat transfer through the road surface, which is presented in
the form of a non-stationary Fourier problem. The solution of
the problem is sought by the method of multifactorial
lexicographic  optimization taking into account the
temperatures arising in the layers and is easily possible with the
use of a computer. This allows to determine the optimal
number of surface layers, their thickness and material. In the
future the described method may contribute to improving the
efficiency of multilayer surfaces, heat transfer or concrete
application.

ACKNOWLEDGMENTS

This paper was prepared within the work on a research project
VEGA 1/0086/18 “Researching Temperature Fields in a Set of
Shaped Heat Transfer Surfaces”.

REFERENCES

[Babiarz 2020] Babiarz, B. and Szymanski, W. Introduction to
the Dynamics of Heat Transfer in Buildings.
Energies, 2020, Vol. 13, Is. 23.
https://doi.org/10.3390/en13236469.

[Bazhenov 2012] Bazhenov, Yu., et al. System analysis in
building materials science: monograph. Moscow:
Moscow State University of Civil Engineering, 2012.
ISBN 978-5-7264-0683-1. (in Russian)

[Brodnianska 2018] Brodnianska, Z. and Pivarciova, E. Heat and
mass transfer. Zvolen: Technical university in
Zvolen, 2018. ISBN 978-80-228-3103-1.

[Cachova 2018] Cachova, M., et al. Monitoring the effect of
external conditions on the properties of building
materials. IOP Conference Series Materials Science

and Engineering, 2018, Vol. 365, Is. 3. DOl
10.1088/1757-899X/365/3/032051.
[Fogiatto 2019] Fogiatto, M.A., et al. Numerical Two-

Dimensional Steady-State Evaluation of the Thermal
Transmittance Reduction in Hollow Blocks. Energies,
2019, Vol. 12, Is. 3. doi.org/10.3390/en12030449.
[Guo 2011] Guo, L., et al. Thermal conductivity and heat
transfer coefficient of concrete. Journal of Wuhan
University of Technology — Mater. Sci. Ed., 2011,
Vol. 26, No. 4, pp. 791-796. DOI: 10.1007/s11595-
011-0312-3.
2013] Janacova, D., et al. Interactive software
application for calculation of non-stationary heat
conduction in a cylindrical body. Computer
applications in engineering education, 2013, Vol.
21,1s. 1, pp. 89-94. DOI: 10.1002/cae.20453.
[Kalinin 1990] Kalinin, E.P. Scientific foundations of intensive
burn-free grinding of steels and alloys, taking into
account the degree of tool blunting. Doctoral thesis.
Leningrad, 1990. (in Russian)
[Karaganov 2021] Karaganov, S.A., et al. Russian Policy in the
Arctic: International Aspects: rep. at XXII Apr.
Intern. Acad. Conf. on Economic and Social
Development. Moscow: Higher School of Economics
Publ. House, 2021. ISBN 978-5-7598-2515-9.
[Liu 1990] Liu, I.S. On Fourier's law of heat conduction.
Continuum Mech. Thermodyn., 1990, Vol. 2, pp.
301-305. https://doi.org/10.1007/BF01129123.

[Janacova

MM SCIENCE JOURNAL 12022 | JUNE
5602



[Lu 2015] Lu, N. and Dong, Y. Closed-form equation for thermal
conductivity of unsaturated soils at room
temperature. Journal of Geotechnical and
Geoenvironmental Engineering, 2015, Vol. 141,
No. 6, pp. 791-796. DOI: 10.1061/(ASCE)GT.1943-
5606.0001295.

[Nashchokin 1975] Nashchokin, V.V. Technical thermodynamics
and heat transfer. Moscow: High school, 1975. (in
Russian)

[Pivarciova 2019a] Pivarciova, E., et al. Design of the
construction and research of vibrations and heat
transfer of mine workings. Acta Montanistica
Slovaca, 2019, Vol. 24, No. 1, pp. 15-24.

[Pivarciova 2019b] Pivarciova, E., et al. Interferometric
Measurement of Heat Transfer
above New Generation Foam Concrete.
Measurement Science Review, 2019, Vol. 4, pp.
153-158.

[Pogrebnjak 2018] Pogrebnjak, A.D., et al. Adaptive
multicomponent nanocomposite coatings in surface
engineering. Physics-Uspekhi, 2016, Vol. 60, No. 6,
pp. 586-607.
doi.org/10.3367/UFNe.2016.12.038018.

CONTACTS:

Assoc. Prof. Ing. Kseniia Domnina, CSc.
Kalashnikov Izhevsk State Technical University, Votkinsk branch

Shuvalova 1, 427430 Votkinsk, Russia

E-mail: domnina@vfistu.ru

Prof. Mgr. Elena Pivarciova, PhD.

[Repko 2005] Repko, A.V. Development of the theory of
technology for grinding parts made of materials
prone to the formation of thermal defects. Doctoral
thesis. Izhevsk: Kalashnikov Izhevsk State Technical
University, 2005. (in Russian)

[Sipailov 1978] Sipailov, V.A. Thermal grinding processes and
surface quality control. Moscow: Mechanical
engineering, 1978. (in Russian)

[Streletskiy 2015] Streletskiy, D., et al. Arctic cities, permafrost
and changing climatic conditions. 68th Canadian
Geotechnical Conference — GEOQuebec 2015,
Quebec, Canada, September 2015.

[Sviatskii 2019] Sviatskii, V., et al. The design technique of
melting units for production of synthetic fibrous
materials by vertical blowing method. Management
systems in production engineering, 2019, Vol. 27, Is.
1, pp. 29-32. DOI: 10.1515/mspe-2019-0005.

[Yuen 2007] Yuen, R.K.K., et al. Heat and mass transfer in
concrete at elevated temperature. Numerical Heat
Transfer; Part A: Applications, 2007, Vol. 51, No. 5.,
pp. 469-494. doi.org/10.1080/10407780600829712.

Technical University in Zvolen, Faculty of Technology, Department of Manufacturing and Automation Technology

Studentska 26, 960 01 Zvolen, Slovakia

E-mail: pivarciova@tuzvo.sk

Prof. Ing. Valentin Repko, CSc.
Kalashnikov Izhevsk State Technical University, Votkinsk branch

Shuvalova 1, 427430 Votkinsk, Russia

E-mail: br.ingeeniring@gmail.com

MM SCIENCE JOURNAL 12022 | JUNE
5603



