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MODELING OF NON-STATIONARY TEMPERATURE MODE OF A MULTI-LAYER ROAD
STRUCTURE

Abstract. The article presents an analysis of changes in the temperature regime in the road pavement
and soil foundation of the section of the road “Kyzylorda - Shymkent” based on the results of experimental
studies and calculations on a mathematical model. Experimental temperature measurement was carried out
using special sensors from the 1* till the 31% of July in 2014. Theoretical calculations were carried out on
a one-dimensional model of non-stationary thermal conductivity in a multilayer road structure developed
by authors. It accounts thermo conductivity properties and thermo resistance of materials of all layers of a
pavement structure and subgrade, and also thermo fluxes of convection, solar radiation and thermo flux from
a pavement surface. By comparing the experimental and calculated values of the temperature at the points of
the pavement, the adequacy of the proposed mathematical model of the non-stationary temperature regime
was proved.

An adequate mathematical model gives possibility to predict temperature regimes in a pavement structure
and subgrade of a road at different changes of air temperature and weather conditions.

Results of the experimental measurements showed that in the south region of the republic in July in the
afternoon air temperature reaches 40°C. Its daily average value was more than 30°C. And a temperature of
the asphalt pavement surface exceeds 50°C, which is more by 15°C than air temperature. A temperature in
layers of the subgrade decreases with depth. For example, at depth of 15 cm from the pavement surface a
temperature is 8-10°C lower than the pavement surface temperature.

Key words: mathematical model, finite element method, pavement, temperature sensor, temperature, non-
stationary temperature field.

Introduction. Properties of bitumens, asphalt concretes and materials with organic binders depend
strongly on a temperature [1-5]. Therefore it is necessary to investigate in detail temperature regimes of
pavements and subgrade of roads in different climatic conditions.

The temperature field in the road structure is formed under the influence of many factors, among which the
influence of such factors as air temperature and the level of solar radiation prevails. It is clear that the amount
of solar radiation mainly depends on the latitude of the area along which the road passes, since the length of
daylight hours and the maximum height of the solar disk at noon in a given area depend on the geographical
latitude of the area.

In this work, the non-stationary process of heat transfer in a multilayer pavement and subsoil is modeled
by the finite element method.

Materials and methods. Mathematical model. The differential equation for one-dimensional unsteady
heat conduction has the form [6, 7]:

2

Kg T :/158—{, 1)
z

where

K - thermal conductivity coefficient of the material;
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T - temperature;

P - density;

¢ - heat capacity;

t - time;

A=pc.

Equation (1) is solved together with the boundary conditions:

-T =T, (t ) the temperature is set at the lower boundary of the calculated area;

-4=q (f ) the total heat flow is applied to the upper boundary of the calculated area.

The finite element analog of equation (1) has the form [8-10]:
2

{K1+21c1ir), =2 1el- K1, - () @

were
[K] - thermal conductivity matrix of the system;
[C] - thermal inertia matrix of the system;

{F'} - vector of nodal heat loads;

At - time step;

{T}, - the vector of temperatures at time ;

{T'}, - the desired temperature vector at time .

System thermal conductivity matrices [K], system thermal inertia matrices [C] and vector of nodal heat

loads { F'} are calculated by summing the thermal conductivity matrices |:c(e) ], thermal inertia matrices
and vectors of nodal thermal loads of finite elements:

[ jAC)

[K]=3[k] [€]=3[e] {F1=3{r")-

e=l e=1 e=1

where £ - finite element count.

Matrices [k(e) ], [c(e)] and vector { f (6)} for each finite element, they are calculated using integral
expressions:

(€)= ("] [p] 8" o ®
] [ [ o @

{f(e)}:J‘q[N(e):rds, (5)
where 5
[N (e)] - finite element shape function matrix;

[B(e)} - finite element gradient matrix;
[ D(E)] - finite element thermal conductivity matrix;

s - cross-sectional area of a finite element;

V - finite element volume.

The total heat flux entering the road surface is formed as a result of the influence of various external
factors, including due to the temperature difference between the air and the road surface, which causes
convective heat transfer between the two media.

In the general case, the total heat flux g (t) arrives at the surface of the road surface [6-8] at the moment,
which is determined as follows [8]:

q(1)=q,(t)+q,(t) +q,()+q,(0) (6)
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where

q. — energy transported by convection, defined by the difference between the air temperature and the
temperature of the road surface;

q, — energy supplied by total solar radiation;

4, — energy supplied by atmospheric radiation;

4. —road surface radiation energy.

Results and discussion. In this work, a comparison is made of the temperatures at the points of the
road pavement, determined by calculation by a mathematical model and from a full-scale experiment on the
section of the Kyzylorda-Shymkent highway (km 2057).

In 2013, in the summer-autumn period, a set of temperature and humidity sensors was laid in the specified
area. A diagram of the road structures of this section of the road and the location of the sensors is shown in
Figure 1. Data on temperature and humidity at points of the road surface and soil base on this section are
measured every hour in automatic mode and stored.

150 cm
180 cm

210 cm

240 cm

Fig. 1 - Scheme for location of sensors in the pavement and subgrade of the highway:
(1-5) are pavement layers; (6-10) is subgrade; (==) — temperature and moisture sensors

A special feature of these sensors is that one temperature sensor operating on the principle of changing
thermal resistance and one humidity sensor operating on the principle of changing the dielectric constant
are mounted in one metal capsule. Such a combined design of sensors allows obtaining information about
temperature and humidity at points of the road structure simultaneously. The temperature and humidity values
accumulated in the memory of the measuring complexes are processed and formatted in tables.

Figure 2 shows the combined graphs of changes in air temperature and the surface of the road surface on the
section of the road “Kyzylorda - Shymkent”, km 2057 in the period from July 1 to July 31, 2014, determined
experimentally. The figure clearly shows that in the daytime in the extreme south of the republic (Turkestan)
the air temperature in July in the afternoon reaches 40°C, and its average daily value is much higher than
30°C. Moreover, the maximum temperature on the surface of the road surface on the road “Kyzylorda -
Shymkent”, km 2057-2111 exceeds 50°C, which is almost 15°C higher than the air temperature.

60,0

50,0

o : : | l ‘
o | uu.umu

Fig. 2 - Temperatures of air and surface of asphalt concrete pavement on the section of the road “Kyzylorda
- Shymkent”, km 2057 in the period from July 1 to July 31, 2014
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Figures 3 and 4 show the results of comparing the experimental and calculated temperatures on the surface
of the asphalt concrete pavement and at a depth of 15 cm.
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Fig. 3 - Comparison of calculated and experimental values of temperature on the surface of asphalt concrete
pavement in July 2014 on the section of the road “Kyzylorda - Shymkent”, km 2057-2111
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Fig. 4 - Comparison of calculated and experimental temperature values at a depth of
the section of the Kyzylorda - Shymkent highway, km 2057-211
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Conclusion. The obtained satisfactory coincidence of theoretical and calculated values of temperatures

testifies to the adequacy of the constructed mathematical model of non-stationary thermal conductivity in
multilayer road structures.
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KOII KABATTbI 7KOJI K¥PbIJIBIMbIHBIH CTALIMOHAPJIBIK EMEC
TEMITIEPATYPAJIBIK PEXKUMIH MO/IEJIBAEY

AunHoTamus. byn makanaia ToxipuOenik 3epTTey KoHe MaTeMaTHKAJIbIK MOJIeb OOMBIHINA ecenTeyliep
HoTIKeepi Herizinae «Kpi3putopaa-11bIMKEHT» aBTOMOOMITB JKOJIBIHBIH XKO0JI TOCEMECIH/IET1 TEMIICPATY PAJIbIK
PEKUMHIH ©3repyiH Tanjay HoTmkesnepi kenripuireH. 2014 sxpurebl 1 mingenen 31 urijje apanbFbiHAA
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Oip aif Oo¥BI TeMIepaTypaHbl TOHKIPUOSTIK OIIIey apHaibl JaTYUKTEPAiH KOMETIMEH KY3ere achIPbUIIbI.
TeopusbIK ecenTeynep aBropiap 93ipJiereH Kol KadaTThl K0JI KYPbUIBIMBIHIA CTAlMOHAPIIBIK EMEC JKbLITY
OTKI3TIIITIKTIH Oip eIemM/Ii MaTeMaTHKAIBIK MOJIEITiHE COKec KYpri3nai. MaremaTukaiblk MOeTh — Oyt
Oip enmmeM/Ii KbUTY OTKI3TIIITIK YIIiH TuddepeHITHaNIBIK TeHISY/IIH IIEeKTIK 3JIeMEeHTTIK aHaiorsl. O %Kol
TeCEeMECiHIH O0apIbIK KabaTTapbl MEH Kep TOCEMECiHIH MaTepUaIapbIHBIH KbLTY OTKI3TIIITIK KACHETIH )KOHE
KBUTY KEAEPTiCiH, COHAaN-aK KOHBEKLMSTHBIH JKbUTY aFbIHAAPBIH, KYH PaJUALUSCBIH KOHE KOJI KYPbUIBICHIHBIH
KBUTY aFbIHBIH €CKEPEi.

JKox TeceMeciHiH HYKTEIEepiHAETI TeMIIepaTypaHblH TOKiPHOEIIK OIIISHTeH )KOHE €CeNTeIreH MOHIEPiH
CaJIBICTBIPY apKBIJIbI CTALIMOHAPIIBIK €MEC TeMIepaTypasiblK OpICTiH YChIHBUIFaH MaTeMaTHKAJIBIK MOJIEIHIH
OapabapbIFbl aHBIKTAIBL. bapabap MareMaTHKaIBIK MOJEIb aya TEMIIEpaTypachl MEH aya-pailbIHbIH OpTYPIIi
e3repicTepi Ke3iH 1e aBTOMOOWITB JKOJIAPBIHBIH JKOJ TOCEMETIepi MEH JKep TOCEMEIIEPIHIET] TeMITepaTypabIK
KaFainap/el OobKayFa MYMKIHJIIK Oepei.

Toxipuberik emnieynep peciryOIUKaHbIH OHTYCTITIHIE MIIIE aifibIHIa TYCTEH KEeiliH aya TemIeparypacsl
40°C-ka xereTiHiH KepceTTi. OHbIH oprama ToymikTik MoHi 30°C-tan acamgsl. An  acdaibrOeToH
KaMBUIFbICBIHBIH OeTki Temmeparypacsl 50°C-taH acanpl, o aya TemieparypacbiHan 15°C-ka >KOFapbl.
TepenaereH calfblH KO0JI >KaMbUIFBICBIHBIH Ka0aThIHAAFbI TEMIIEpaTypa alTapiblKTaidi ToMeHaeiai. COHbIMEH,
ac¢anpTOETOH )KaMBUTFBICHIHBIH OCTiHEH 15 ¢M TepeH/IIKTe TeMIIeparypa )KaMbUIFbl OSTIMEH CaTbICThIPFaH/Ia
8-10°C temeH.

Tyiiinai ce3mep: MareMaTuUKanblK MOJENb, IIEKTIK 3JIEMEHTTEp 9Jici, KON TeceMmeci, TeMIeparypa
JaT4uri, TeMIeparypa, CTallMOHAPIIbIK EMEC TeMIIEPaTypabIK epic.
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MOJIEJIMPOBAHUE HECTAIIMOHAPHOI'O TEMIIEPATYPHOI'O PEXKHUMA
MHOI'OCJIOMHOM JOPOKHOM KOHCTPYKIIMN

AnHoTanus. IlpuBeneHsl pe3yabTaThl aHajiW3a M3MEHEHHMS TEMIEPaTypHOTO pekrMa B JOPOKHON
ofexae aBToMoOMIbHOM noporu «Ke3pmopaa-LsIMKeHT» HAa OCHOBE PE3yNbTaTOB 3KCIEPUMEHTAIBHOTO
HCCJIEZIOBAHUS M PACUETOB MO MaTeMaTHYECKOW MOJENN. DKCIEPUMEHTAIIEHOE N3MEPEHHE TEMIIEPATyphl B
TedyeHue ofHoro mecsia ¢ 1 mo 31 utons 2014 roga G110 OCYIIECTBIEHO C TOMOIIBIO CIISITHATBHBIX JaTYHKOB.
Teopetnueckue pacueTbl ObUIM BBIIOJHEHBI MO pa3padOTaHHOM aBTOpaMH OJHOMEPHOW MaTeMaTH4ecKOH
MOJICTIM HECTAlMOHAPHOM TETIONPOBOAHOCTH B MHOTOCIIOWHON JOPOKHON KOHCTPYKIMH. MaTeMarnieckas
MOZICTIb TIPEICTaBIseT COOOW KOHEUHO-3JIEMEHTHBIM aHanor auddepeHnnanbHoro ypaBHEHHS UIs
OJJHOMEPHOM TemIonpoBogHOCTH. OHa YYHUTHIBAE€T TEIUIONPOBOASAIIEE CBOWCTBO M TEPMOCONPOTHUBIEHHE
MaTepraoB BCEX CII0EB KOHCTPYKINHU TOPOXKHON OAEXKIbI M TPYHTA 3eMJISTHOTO TIOJIOTHA, & TAKXKE TETIJIOBBIC
MOTOKH KOHBEKIMHU, COTHEYHOH paJuaniy 1 NOTOK TeIjla U3 IOPOKHON KOHCTPYKINH.

[IyTrem cpaBHEHHUS SKCIIEPUMEHTAIBLHO U3MEPEHHBIX U PACCUNTAHHBIX 3HAYCHUH TeMIIEPaTyphl B TOUKaX
JOPO’KHOHN OJCKbI yCTAHOBJIEHA a1€KBATHOCTD NPEVIOKCHHON MaTeMaTHYECKOM MOJIEJIN HECTAIlMOHAPHOTO
TEMIIEPaTypHOTro TOJs. AJEKBaTHash MaTeMaTHueckasi MOJeNdb [aeT BO3MOXKHOCTb IPOTHO3MPOBATh
TEMIIepaTypHbIC PEXKUMBI B JOPOKHON OJEKAE M 3€MIITHOM IMOJOTHE aBTOMOOMIIBHOM JAOPOTH MPU pa3HbIX
N3MEHEHUSIX TeMIIepaTypbl BO3AyXa U MOTOAHBIX YCIOBHH.

OKCHeprUMEHTAIbHBIC U3MEPEHHUS MTOKA3aH, YTO Ha [Ore PEecHyOIHKH B MIOJE MECsLE MOCe MOMyIHS
Temneparypa Bo3nyxa nocruraer 40°C. E€ cpemnee cyrounoe 3nauenue Oombiie 30°C. A temmeparypa
MOBEPXHOCTH ac(anbTo0eTOHHOTO MOKPBITUS TpeBbimaeT 50°C, kotopas moutn Ha 15°C Bhime, 4yem
Temneparypa Bozayxa. C miyOMHOM TeMmeparypa B CJOSIX JOPOXHOHM OAEKIBl 3aMETHO YMEHBIIACTCS.
Tak, Ha TyOuHe 15 cM OT moBepXHOCTH ac(haibTOOETOHHOTO MOKPBITHS TeMieparypa Hike Ha §8-10°C mo
CPaBHEHHIO C TOBEPXHOCTHIO MTOKPBITHSI.

KiroueBble ciioBa: maremaTHyecKasi MOJENb, METOI KOHEYHBIX 3JEMEHTOB, JOPOXKHAs ONCKIA,
TeMIIepaTypHbI AaT4UK, TEMIepaTypa, HeCTalMOHAPHOE TeMIIepaTypHOe ToJIe.
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