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Abstract. Scientific and practical calculations on the thermal stability of typical automobile road surface (semi-limited
objects) with fluctuations in air temperatures, transitions from positive to negative, with actual heat transfer coefficients,
thermal conductivity of components, specific mass isobaric heat capacities, material densities, periods of regular fluctuations
are presented. The study shows that temperature fluctuations occur in road surfaces, therefore deformations are brought about
in them, generating thermal cracks. Thermal deformations include free, proportional to temperature gradients, stressed defor-
mations due to temperature stresses, characterized by linear thermal expansion coefficients. In road materials, physical
and mechanical properties change over time: strength, moduli of elastic longitudinal deformations, shear, transverse defor-
mation coefficients. Thus, the temperature of pavement materials depends on the coordinates, time, and thermophysical chara-
cteristics of the materials. Thermal engineering calculations have shown that many road surfaces have limited thermal stabi-
lity; under the influence of relatively small external influences, they are more stable (supercooled water vapor exists for
a short time, turning into a liquid, saturated, supersaturated steam into a superheated liquid, this depends on the radiation char-
acteristics of the surfaces, the presence of external disturbances, etc.). Thus, a complex non-stationary thermal regime takes
place, when the temperature fields of the coatings, their gradients of temperature potentials, and masses depend on the boun-
dary conditions of the 1%-4™ kind. A citation analysis of the data of the Journal Citation Reports of world scientific serial
publications has been developed to carry out research on heat and mass transfer in road surface. The analysis shows that
in order to improve the reliability and durability of pavements, fundamental studies of both the physical and technical and
thermal properties of all components of road construction mixtures are of great importance.
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Civil and Industrial Engineering

TeMIIepaTypHbIe TPEIMHEL TeMmneparypHble JehopManiy BKIIOYAIOT CBOOOAHEIE, IPOIOPIHOHATIBHEIE TPAJHEHTaM TeMIIepaTyp
HamnpspKeHHbIEe JedopMaryy, o0ycIOBICHHBIE TEMIIEpaTypHEIMI HANPSDKEHUSIMH, XapakTepu3yemble Kod(QGUIUeHTaMH JIu-
HEWHBIX TeMIepaTypHbIX pacmupennii. C TedeHreM BpeMEHH B JOPOXKHBIX MaTepHaaX M3MEHSIIOTCS UX (pU3MKO-MeXaHUde-
CKHE CBOMCTBA: MPOYHOCTb, MOJYJIH YIPYTHX HPOAOJIBHBIX Ae(opManuii, caBura, Ko3GGUIHEHTHI TONEPEYHO AedopMalnHy.
Takum 00pa3om, TemIepaTypa JOPOKHBIX TIOKPBITHI 3aBUCUT OT KOOPJMHAT, BPEMEHH 1 TEIUIOQH3HIECKUX XapaKTEPHCTHK MaTe-
puasoB. TemIoTeXHUUECKUe pacueTsl MOKa3alld, YTO MHOTHE JOPOXKHBIE MOKPHITHSI UMEIOT OTPAaHMYEHHYIO TETIOYCTOHYHBOCTH;
IO/ BIMSHUEM CPaBHHUTEIFHO MAJIbIX BHEIHUX BO3/ICHUCTBHII O0see yCTOWUMBHI (IepeoXsIaX ICHHBIN BOJITHOM map yepe3 KOpOTKoe
BpeMsI IPEBPAIACTCs B )KHIKOCTD, 8 HACHIIIEHHEIH, TePEeHACHIIEHHBIN Iap — B IEPErpeTyIo KUIKOCTb, 3TO 3aBUCHT OT PaIHAIHOH-
HBIX XapaKTePHUCTHK MOBEPXHOCTEH, HAIMYNS BHEITHNX BO3MYIICHHUH U T. 1.). TO €CTh NMeeT MECTO CIIOXKHBIM HeCTAalMOHApHBIN
TETUIOBON PEXUM, KOIZia TeMITepaTypHBIe MOJIS MOKPHITHH, WX TPATUEHTHI ITOTEHIHATIOB TEMIIePaTyp, MAcChl 3aBHCAT OT IPaHNY-
HBIX ycloBHi 1-4-ro posa. Pazpabotan rurar-ananms ¢ npumeneHnem aannbix Journal Citation Reports or60pa MEPOBBIX HayYHBIX
CEpUIHHBIX U3JaHUH I BBINOTHEHUS MCCIIE0BAHMI 110 TEIJIO- M MacCOMEPEHOCY B JIOPOXKHBIX TTOKPBITUAX. AHAIN3 NMOKa3bIBAET,
9TO IS TIOBBIIIEHUS] HAJEKHOCTH M JONTOBEYHOCTH JOPOXKHBIX OZEXK]] BaXHBI (DyHIaMEHTANIbHBIE MCCIEIO0BAHM KaK (PU3HKO-
TEXHUYECKHX, TAK ¥ TEIIIOPHU3MUECKIX CBOHCTB BCEX KOMIIOHEHTOB JIOPOKHO-CTPOUTEIBHBIX CMECEii.

Kawuesbie ciioBa: JAO0pOKHast OACKAa, CTPYKTypa, TCIJIO- U MaCCONIEPEHOC, MOKPBITHA, TCHH006MCH, XapakKTEepUCTUKHU, MO-
J€Ib, K03(1)(1)I/ILII/ICHT, COCTOSIHHEC, UCCIICIOBAHUE

Jns murupoBanmsi: TermoTepMoqMHAMIYECKUE aClIeKThl TOPOKHbIX oxexa / b. M. Xpycranes [u ap.] // Hayka u mexuuxa.
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Introduction

Roads at different temperatures constitute open
nonlinear heterogeneous thermodynamic systems.
All types of their deformations should be viewed
through the lens of synergetics referring to the
methodology of general scientific level focusing
the surface material components structuring at cri-
tical temperatures. The specific dissipative struc-
tures resulted from these processes are adapted to
ambient conditions for the reason that due to heat
and mass transfer the road pavement has a complex
structure formed under the dissipation of energy
and mass [1-4].

Such a pavement structure can be provided
considering the Benard effect when convection
occurs in a viscous liquid layer at a certain diffe-
rence in surface temperatures with the hexagonal
cells formation due to molecular motion or inten-
sity jump in heat transfer. In this case, with an
increase in the temperature difference, the rate
of convective heat transfer increases. With de-
creasing temperature, the pavement dissipates part
of the accumulated heat into the environment, and
temperature stresses change. Different defor-
mations occur when the stress of the ultimate
strength of the road components are identical;
removal of a part of the heat accumulated in the
road covering due to free surface deformation
acquires an abrupt nature. For example, a decrease
in air temperature by 30 °C leads to a change to
0.45-0.50 m in the road temperature pattern [5].

The ambiguous nature of heat and mass trans-
fer processes during road construction and service
creates the prerequisite for the multicomponent
secondary resources technology with the effective
recycling of used materials containing assessment
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of their properties, heat and mass transfer process-
es, their physical and technical indicators for spe-
cific mixtures. At the same time, the durability,
thermal and physical specification, energy effi-
ciency of road pavement depend on validity of
their physical and mathematical models.

Pavement models and structures

Start with, it is necessary to determine the area
of research on methods of generalizing information
on mass and heat transfer; factual materials and
much more besides. The quantity of the patented
road materials and the possibilities of experimental
research can be brought into compliance by in-
creasing the quality of experimental work or by
optimizing the calculations [6-10].

Analysis of the mechanisms of heat and mass
transfer processes in road objects should facilitate
the relocation of research on engineering the mate-
rials with contemplated properties from the labora-
tory into a multidimensional mathematical inquiry
model. Multidisciplinary specialists should initiate
modern pavement concept depending on the re-
quired material pattern.

The calculation of thermophysical characteris-
tics of ingredients, mixtures, composite materials is
usually performed applying analytical dependen-
cies and correlation obtained because of phy-
sical models and experimental data approximations
upon which they are accepted. Physical models of
pavements can be considered corpuscular, conti-
nuous, corpuscular-continuous, etc.

Corpuscular models characterize physical
properties of systems depending on their structure,
forces of interaction between its molecules, atoms
and the nature of their thermal motion. Continuous

29


https://doi.org/10.21122/2227-1031-2022-21-1-

Cmpoumenvcmeo

models represent the road pavement and its single
components as a continuous medium. Then, based
on the study of various transfer processes, the de-
pendences of the effective coefficients of transfer
from the structure of their ingredients and concen-
tration are determined [7, 11].

Corpuscular-continuum models consider the
road pavement as a solid body; the molecular
theory allows calculating the physical properties
of a substance with its other known physical pro-
perties. Combined methods focus on mixed models
applying a phenomenological approach to the cal-
culation of generalized conductivity. They have
proved to be effective in the methods of molecular
physics that closely reflect the transport processes
in many systems, and enabling analytical determi-
nation of coefficients of generalized conductivity
of heterogeneous thermodynamic system.

In addition, the structure with closed inclusions
contains a binder in which components that are not in
contact with each other are distributed. A specific
feature of this structure is the continuity of binder
components in different directions and their discrete
arrangement. Obviously, the components are geomet-
rically unequal in a structure with inclusions. Granu-
lar and bonded materials from monolithic particles
are considered as systems between structures with
inclusions and interpenetrating components. Since
the contacting elements, pores have a continuous
range of solid ingredients, voids, therefore, there are
no breaks in the contact zones of the particles, and the
contact surface is much smaller than the cross-
sectional area of the components. During heat and

mass transfer of granular materials, the area of their
contact changes and can be transformed into a system
with interpenetrating components.

In some cases, it is advisable to classify road
pavement by the structure nature, the number
of ingredients, their aggregate state, physical and
chemical processes of component interaction and
consider them as mechanical and non-mechanical.
Mixtures are mechanical where the coefficients
of generalized conductivity of the initial ingredi-
ents do not depend on their concentration and are
not typical heterogeneous systems.

There is no gainsaying that a clear boundary
between heterogeneous and homogeneous systems
not always occurs. The secondary research based
on the works by G. N. Dulnev, Yu. P. Zarichnyak,
R. Collins, A. V. Lykov and others shows the
spontaneous processes in road pavement evolve
towards equilibrium state [1-5, 7, 11, 12]. It is
worth noting that roads located under various cli-
matic conditions and consideration should be given
to the following physical and mechanical types of
moisture bonding in the capillary-porous spaces
of road and other objects held in undefined propor-
tions (Tab. 1) [4].

In road structures, depending on the construc-
tion technology, climatological factors, their opera-
tion, schemes of various models of road material
elements (for example, combined structures with
interpenetrating components and inclusions, struc-
tures with interpenetrating components, with inclu-
sions of various shapes: spherical, cubic, etc.) can
be represented as follows (Fig. 1) [1, 5, 11].

Table 1

Types of moisture bonding in road surface materials [12]

Structural bonding

Bonding in microcapillaries

Bonding in macrocapillaries Hydration bonding

Gel formation
upon direct contact

Water absorption from the air

Water absorption upon direct
contact in through capillaries
and from the air in closed
through capillaries

Water adhesion upon direct
contact with the road surface

Water is captured during
the gel structure formation

Capillary pressure due to the
liquid surface curvature

Surface tension characterized
by a contact angle ® to 90 °

The same

Gelatinous bodies (1 % solids +

+ 99 % water) 10° cm

Coating with capillaries r up to

Coating with capillaries r more

Non-porous hydrated
than 107° cm

(hydrophilic) surfaces

Mechanical water retention,
monomolecular layer
adsorptively bound

Mechanical bonding of water (side layer adsorptively bound)

Mechanical water retention
(surface moisture layer
adsorptively bound)

Evaporation, moisture squeezing
by pressure, structural failure

Higher pressure than capillary, evaporation

Mechanical methods,
evaporation

The body changes its properties,

a quasi-solid body is formed.
Water immobilizes in the structure
and changes its properties

The bulk of the absorbed water is free and retains its properties. The body retains its basic
properties changing some of them due to the adsorbed water formation
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Fig. 1. Structural schemes and models of mixtures in road surface materials

Thermodynamic stability of road pavement

The studies have shown that low external influ-
ences contribute to the transition from the labile
state of the road platform structure to the stable
one. States of relatively stable equilibrium (meta-
stable) are those states when the road surfaces keep
in for a long time, and low external influences that
cause changes in the thermophysical parameters of
the road do not lead to a transition to other states.
In other cases, the road platform should be consi-
dered in a metastable state persisting intermediate,
relatively stable and labile [13].

If the system does not exchange heat, mass,
mechanical work with the ambient environment the
specific internal energy and specific volume are
usually constant for it. Since the entropy of an iso-
lated system tends to a maximum, therefore, it is
maximum in an equilibrium isolated road system
(ds=0), Tds>du+ pdv, i.e. ds>0 for irrever-
sible processes in isolated systems. The > sign corre-
sponds to an unstable equilibrium of road surface.

If S = Spay then ds=0; d’s< 0 arguing the en-
tropy to be maximum in equilibrium. When the
road pavement interacts with the environment,
the equilibrium conditions change and depend on
the intensity of the interaction of the “road plat-
form — ambient environment” system.

The following conditions for mass thermophy-
sical interactions (junctions) of the road platform
(with air, upper atmosphere) are known:

a) the heat exchange occurs in the “road plat-
form — ambient environment” system at constant
values of pressure and entropy;

b) the specific volumes of the road platform
components are constant, the heat exchange with
the environment is stationary (dv = 0, ds = 0);
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c) if du<Tds—pdv then u=ugpn du=0,
d’u>0:

d) as s=const, p=const (dp=0, ds=0)
since h=u+pv, dh=du+ pdo + vdp, therefore,
dh <Tds+vdp and consequently the criterion
of road platform equilibrium is h = hp, dh=0,
d*h > 0.

Significant factors affecting the calculation ac-
curacy when the probability of transition from one
state to another increases (vapor — water, ice — wa-
ter, etc.), in addition, some substances in the solid
state have several phases. For example, water is
in a liquid state in temperatures of 0-100 °C and
under atmospheric pressure, it turns into ice at 0 °C
and under atmospheric pressure, and it turns into
a vapor state at a temperature above 100 °C. When
the pressure changes, the temperature changes
at the points of phase transitions: from the liquid
phase to the gaseous and vapor phases, here the
heat is spent on expansion work and overcoming
the intermolecular interaction forces and destroys
the associated complexes with a decrease in the
substance density [13].

During melting and sublimation the heat of
phase change is spent on the crystalline failure
of the elements. Change from solid to gaseous
phase usually occurs at low pressures (the so-cal-
led sublimation); the reverse process is desublima-
tion where the phase densities change sharply:
melting and vaporization.

Therefore, the conclusion is in the disunity of
research in the mathematical modeling of the cal-
culation of thermal and moisture processes in real
road objects. In this regard, based on the calcula-
tion profile the goal is to establish and develop
effective experimental studies of restored, erected,
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and modernized road objects with the most com-
prehensive consideration of the specifics of impact
on them of thermodynamic mass transfer factors,
design solutions and other features [6, 7].

To achieve this, the following tasks were con-
sidered:

— to develop physical and mathematical models
of the processes in various road pavement bases on
the known solutions of the internal heat and mass
transfer under various boundary conditions as close
as possible to real ones;

— on the basis of the obtained solutions, the de-
velopment of engineering calculation methods for
the optimal thermophysical design of single and
multi-layer roads as well as substantiated methods
of field studies of road objects for heat and mass
permeability were implemented.

The scientific novelty of the project is the
presentation of combined methods for calculating
heat and mass transfer processes in multilayer road
pavement with various thermal, physical and me-
chanical specifications, boundary and initial condi-
tions. At present, there are data of calculating the
thickness of hydroaerodynamic and thermal
boundary layers under boundary conditions of
the 1°-3" types [2-4]. At the same time, it was
assumed that the road durability during the opera-
tion period is a mix of preventive road mainte-
nance, measures for the road traffic engineering
and safety when its transport with operational con-
dition and safety are ensured taking into account
the rainfall intensity, constructive, heat and mass
transfer specifications of covering.

In this case, the mathematical problem state-
ment should include a correction of differential
equations of heat and mass conductivity, radiation-
convective factors describing the process of heat
transfer through the layers of pavement, initial
conditions, temperature field in them and on the
surface at the initial time point, boundary condi-
tions, internal and external problems. Internal
problems are related to real thermodynamic pro-
cesses, heat and mass transfer in various systems
of road pavement with justified coefficients of
thermal conductivity, vapor and mass permea-
bility, filtration and under boundary conditions of
the 1°-4™ types. The external are related to the
specific handling a problems of heat and mass
transfer from interfacing cement-concrete surfaces
of road pavement (sand, soil, concrete, etc.), heat
and mass conductivity potentials, coefficients
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of heat assimilation, potential, heat, and thermal
diffusivity, etc. In this case, the decisive function is
of the temperature fields at stationary and non-
stationary heat mass flow, in thermal, dynamic
boundary layers characterized by sharp tempera-
ture fluctuations, their gradients of heat assimila-
tion, heat and mass stability, isotherms of sorp-
tion — desorption.

Road pavement in various climatic regions can
be represented as flat, single- and multi-layered,
with curved surfaces where the temperature differs
from the temperature of the “incident” (contacting)
liquid: droplet, vapor, gaseous, etc., at flow rates
depended on coordinates, aero-, hydro- and gas-
rheological parameters (Fig. 2) [2]. Obvious mana-
geable (correlated), uncontrollable factors depend
on multifactorial efficiency determined by capital
investments, construction duration, economic and
environmental sustainability, minimum accident
rate (people, transport, etc.), construction techno-
logy, operation, development of design and com-
puter comprehensive proposals (justification),
practical solutions.

External air flow

}/,.-" Dynamic boundary layer
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/ NS
83, A3, C3, P3, O3 '/ts / ///
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Vo
Fig. 2. Diagrams of dynamic and thermal boundary layers

on a partially heated cement-sand road
pavement (heated areas are shaded)

Differential and integral curves of material pore
size distribution were obtained for various types of
concrete hardening. Structural specifications of
cement-sand and other materials of external en-
closing structures are presented using X-ray micro-
analyzers. Diagrams of the dynamic and thermal
boundary layers at various sections of the cement-
sand road pavement as well as stereo images of the
surface fracture, filtration flow dependence on
pressure drops at various moisture content and ma-
terial density are shown in Fig. 3, 4.
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Fig. 3. Stereo images of the fracture of the cement-sand samples surface (500 times magnification)
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Fig. 4. Dependences of filtration flows on pressure drops at different moisture content and density of materials

Stable equilibrium of road surface

A state of relatively stable equilibrium (meta-
stable) is a state when the road surface keeps in for
a long time, and slight deviation in road thermo-
physical parameters do not lead to local changes.
The task is to determine an equilibrium state for
each directed real and spontaneous process. A road
pavement is a system that does not exchange heat
and work with the ambient environment, there-
fore, the internal energy and specific volume are
constant for it; the entropy tends to a maximum,
i. e. dS = 0 for reversible processes, and dS > 0
should be assumed for irreversible processes.

The isobaric-isothermal potential decreases in a
metastable region reaching a maximum in an equi-
librium state and the only type of pavement work
in the process of interaction with the ambient envi-
ronment is expansion. The internal energy, entro-
py, free energy, isobaric-isothermal potential cha-
racterizing the conditions of thermodynamic road
equilibrium with the ambient environment are the
main equilibrium functions with the characteristic
property [4, 13, 14]:
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—if the characteristic function represented by
corresponding function for each variable is known
then any thermodynamic quantity can be calcu-
lated;

—if the internal energy is presented as a func-
tion of the specific volume and entropy then the
other thermodynamic parameters are determined

from the formulas: p = (E) , T = (a—ujv
V) oS

The entropy, free energy, isobaric-isothermal

potential, etc. are calculated with the known u, v, S,

p, T. If the enthalpy h is known as pressure func-

o
The internal energy, dependences of free ener-

gy on the volume V and temperature T are calcu-
lated with the known h, p, S, T from the formulas:

(ahj (ah)
p=—| 2| s=—| 22,
oV ) oh),

I, u, h, ® are determined with the known F, V,
T,p, S h:

tion, entropy function then: T :(%) ,v:[ah] .
p s
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()l o
op )7 dT ),

If we know the dependence of isobaric-iso-
thermal potential ® on pressure p, temperature T
it is possible to calculate the internal energy and
other quantities. From the equilibrium condition
for an isolated single-phase system, the tempe-
rature and pressure are the same. In a two-phase
system, the general condition for phase equilibrium
is that substances and their masses pass from one
phase to another.

For a system with V.

st = CONSt, m

st = CONSt,

u = const:

\% =V1 +V2; msyst :n]1+m21 (2)
where 1, 2 — indices corresponding to the first and
second phases.

In contrast to a one-dimensionally isolated sys-
tem, in addition to the known V and u, the sub-

stance masses in each of the subsystems are
known:

m=m, +m,; U=U; +U,; 3)
dVl =—dV2; dml = _dmz;
du, =—du,; dS, =0; Sg=S,+S,.  (4)
Consequently

ds, . =dS, +ds, =0. )

syst

Let us consider the expression for the total dif-
ferential entropy of the subsystem (1). Obviously,
the entropy of the subsystem S; should be regarded
as a function of the volume V;, mass, i. e.

S, = f(Vy, u, m). Accordingly:

dSlz a_sl : du1+ a_sl :
ou, v, oV, s

dv, +(@) dm,,
om, "
since:

(@j _1 (éj _P. (@j __©
Uy T V) T'lom), T
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Therefore, the expressions for the first and se-
cond subsystems may be written as:

1 P :
ds, = —du, + 2V, —%dml,

1 1 1

1 p
ds, = —du, + 2V, —%dmz.

2 2 2

Thereat [1]

LD PP gy, -
Tl TZ Tl T2

—| 2 P2 lgm, 0.
T, T,) ¢

For the equality of the left side of the equa-
tion, the factors at the differentials must be equal
to zero [2]:

Tl TZ

P P2,
, Tl T2 , T1 TZ

Therefore, if the phases are in equilibrium their
temperatures, pressures, chemical potentials are
equal to each other as in a system with the number
of existing phases more than two.

CONCLUSIONS

1. Processing of analytical and experimental
engineering calculations of thermal stability of tra-
ditional highway pavement suggests to consider
them as semi-limited bodies with cyclical tempera-
ture fluctuations in atmospheric air, heat transfer
coefficients, convective heat exchange in an unli-
mited space with natural, forced convection, ra-
diation — between the atmosphere, surfaces of
roadside construction objects, forest plantations,
vehicles. Nonstationary heat transfer occurs at the
temperature fields, their gradients, and mass ratios
correspondence to boundary conditions of the 1%
to 4™ types.

2. Research, computational analysis of physi-
cal, technical, heat and mass transfer processes in
road pavement, their coverings, boundary thermal
and dynamic layers show the importance of stu-
dying such indicators as a coefficient of linear
thermal expansion, thermal diffusivity, heat assi-
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milation of mixture components, etc. upon which
strength, reliability and durability of road pave-
ment including road covering and roadbed de-
pend on.
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ce with the National key R&D Program of China
(SQ2018YFE010143) and the implementation of the He-
nan innovation demonstration project (191110211500)
with the support of the Henan Center for Outstanding
Overseas Scientists, Grant Number G;ZS 2018006
(People’s Republic of China, Henan Province).
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