IRSTI 67.21.19

A.S. Sarsembayeva', A.Zh. Zhussupbekov, D.W.Chang?,
S.T.Mussakhanova'’’, A.R. Omarov’

'L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
Tamkang University, Taipei, Taiwan
E-mail: mussakhanova.saltanat@mail.ru

Calculation and modeling of seasonally freezing soils of the
highway located near Kosshy town with Frost 3D program

Abstract. This article simulates ground conditions on a road section near Kosshy settlement
(Astana, Kazakhstan) using Frost 3D modeling program. This program is used in scientific
and engineering projects to assess the impact of climate change on frozen soils and engineering
structures built on them. This program allowed to perform a thermal forecast for a section of
road pavement, which is located in the third climatic zone, where the soil is saturated with
moisture and has a high filtration rate. A three-dimensional model of the design area was also
developed, taking into account the terrain and geological and lithological structure of the soil.
This software complex allows to receive scientifically grounded forecasts of thermal regimes of
permafrost soils under conditions of thermal impact of pipelines, production wells, hydraulic
and other structures taking into account thermal stabilization of the ground. In this work
we applied the program capabilities for seasonally freezing soils of Astana. Modeling in the
program Frost 3D Universal allowed us to simulate and predict heat and mass transfer in the
ground, as it can affect the service life of the road surface. The soil bases of highways as well as
pavement layers remain in a stable frozen state during short-term temperature increases up to
+6.6 °C and have a sufficient safety margin. When the air temperature rises for a short period
of time, only 25 cm of the upper part of the pavement is exposed, which corresponds to the top
layer of the hot highly porous asphalt concrete mix base.
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1. Introduction

The Frost 3D Universal software complex allows you to obtain scientifically based
forecasts of the thermal regimes of perennial frozen soils in conditions of thermal impact of
pipelines, extractive Wells, hydraulic engineering and other structures, taking into account the
thermostabilization of the soil. The software was developed on the basis of simmakers ten-year
experience in the field of programming, computational geometry, numerical methods, three-
dimensional visualization and parallelization of computational algorithms. The studied section
of the highway is located in the area of the Karkaraly highway, 8 km from the bypass road
towards the village of Kosshy.[6]

The predictive-thermal calculation of a road pavement fragment in the road climatic zone in
a section of moisture saturated soil with high filtration rate was carried out. The road section is
located at 50° north latitude. The size of the modeled section is 80x24 m. The ground slope is 1: 2
m. The site to be modeled is shown in Figure 1.[1]
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Figure 1 - Investigated area on the map

The groundwater surface is level, intersected by the left and right boundaries of the site
at a depth of 2.1 meters below ground. The temperature at a depth where there is no annual
thermal variation is -1.5°C. The climatic conditions are outlined in Table 1. The average thermal
conductivity of the winter snow cover is 0.28 W/(m‘K). The temperature is rising at a rate of
0.06°C per year [2].

Table 1. Climatic conditions

Parameters Months

1 2 3 4 5 6 7 8 9 10 11 12
Air -151  -148 -7,7 54 138 193 207 183 124 41 -55 -121
temperature,
*C

Wind speed, 4.7 4.4 5 45 45 41 41 37 38 46 5 47
m/s

Snow cover 019 023 019 001 O 0 0 0 0 0 0.04 0.13
height, m

2. Methods and materials

2.1 Features of the Frost 3D program

Basic functionality of Frost 3D Universal:

- creation of a three-dimensional geometry of the calculated area, taking into account the
relief of the Earth’s surface and the geological and lithological structure of the soil;

- creation of a three-dimensional geometry of the foundations and foundations of pipelines,
production wells, structures;

- Import three-dimensional geometries of objects in Wavefront (OB]J), StereoLitho (STL), 3D
Studio Max (3DS) and Frost 3D Objects (F30)formats;

- maintaining a database of thermal and physical properties of soils, materials of construction
objects, climatic factors and parameters of cooling devices;

- designation of thermal-physical and hydrological properties and conditions of heat
exchange on the surfaces of objects for three-dimensional geometric objects;
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- calculation of the temperature distribution in the design area and the composition of non-
frozen water, taking into account phase transformations and convective heat transfer;

- calculation of groundwater filtration;

Advantages of Frost 3D Universal:

- based on modern scientific achievements in the field of quantitative methods and
mathematical modeling of thermal mass transfer processes;

- The calculation algorithms of the Frost 3D Universal program are parallel to the multi-core
64-bit CPU and GPU architecture, which made it possible to increase the calculation speed tens
of times compared to sequential calculation algorithms;

- is a unique software solution that takes into account the features of the process of thermo-
stabilization of frozen soil using cooling devices;

- allows a long-term forecast of the thawing of perennial frozen soils of large estimated areas
(kilometers);

- takes into account the influence of the dynamics of changes in the thickness of the snow
cover and the intensity of solar radiation on the temperature regime of the soil;

- ability to change thermal-physical properties and heat exchange conditions in the
calculation process;

- calculation of groundwater filtration;

- convective transport of heat by filtration of groundwater takes into account.

2.2. Numerical Simulation of 3D Frost

The purpose of the study is to calculate the roadway on frozen soil in the Frost 3D program.
By default, the two-dimensional estimated area is 60x60 M. it is necessary to set the beginning of
the coordinates (0; 0), and the linear dimensions of the two-dimensional platform in the X and Y
directions should be equal to 80 and 20 m, respectively.
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Figure 2. Two-dimensional calculation zone with a size of 80x20 mm

2.3. Creation of materials and determination of their physical properties

Within the framework of the computer model, objects are geological layers, artificial
engineering geological elements, engineering structures and cooling devices. Objects have
geometry (shape and position in three-dimensional space), as well as thermal-physical properties.
In the Frost 3D software complex, a complete set of physical properties of an object is called a
material. Materials are stored in a special database (library), which allows you to install the same
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material on several objects (in other words, it gives the same physical properties to objects that
are different in their objects and positions). The Frost 3D software complex allows you to process
materials (physical properties of existing objects) at any stage of building a computer model [7].
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Figure 3. Geological layers and their parameters

Further, according to Table 1, the average monthly temperature values for 2018. It should be
introduced from the 1st month to the 12th month of 2022.
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Figure 4. Dependence of temperature on time

When you are in the editing mode of geometry elements of objects on the toolbar, you need
to select the “Add Geological drilling” option. Next, the geological well must be placed in the
appropriate place of the site to be modeled. On the “polozhenie and priority” tab, you need
to specify the value of the coordinate of the absolute sign of the estuary (equal to 40 m in the
case under consideration), and in this field you can also edit the coordinates of the well, which
characterize its position in the simulated area. Thus, we place 6 wells on the simulated site. Next,
it is necessary to establish a common chain of geological layers for all wells (Figure 4). In the field
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of properties, you need to add 4 geological layers by clicking on the” Add Layer “button in the”
geological layer “ field.

Figure 5. Sequence and power of geological layers of Wells

To build a heap, you need to select “Create element geometry (rectangle)” from the toolbar
in object creation mode. All parameters of the object are located in the properties area on the
right. Here you need to set the position of the hob, its height, extrusion parameters and other
parameters. By analogy, the parameters of the elements of the heat insulator and the concrete
slab are created, changed and set.
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Figure 6. Concrete slab and its properties

3. Results and discussion

“Editor 2D “to restore three-dimensional geometry on given geometric objects, you need to
click on the “next stage” button in the Go menu. In the “Interpolators” window that appears,
enter the number of interpolation points along the Y-axis to 2 and click “Set”.
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Figure 7. Geometry of a three-dimensional model obtained after Reconstruction from a two-
dimensional drawing

To do this, in the “Editor 3D” tab, you need to go to the page mode of objects and select
the desired page in the three-dimensional geometry of the calculated area, in the” Granichnye
conditions “ field, select the name of the boundary condition corresponding to this page. After
completion or during the calculation process, you can view the obtained modeling results. To do
this, you need to go to the” PostProcessor” Figure 8. In the figures below the mark 0 is taken as
the mark corresponding to 320 m above the level of the Baltic Sea.

Figure 8. PostProcessor

As a result, the color distribution of the temperature is displayed, where blue corresponds
to the lowest temperature, and red-to the highest temperature Figure 9.
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Figure 9. Three-dimensional visualization of the temperature distribution in the XZ section of the
calculation area for January 2023

Recalculation of this model is carried out in the same sequence, but by adding one layer
of polymer. Polymers are widely used in engineering construction, including for vapor barrier
in soil. Polymers are used to create a reliable vapor barrier membrane that protects building
structures from the penetration of water vapor. One of the most common polymers for soil vapor
barrier is polyethylene. Polyethylene membranes have high strength, resistance to corrosion and
chemical influences, as well as good adhesion to concrete and other building materials.[3]

Polymers have low thermal conductivity and volumetric heat capacity, so we use them to
strengthen the vapor barrier on the ground. Epoxy resin was chosen for this work. Epoxy is a
two-component material obtained by mixing epoxy resins and hardener. It is a high-strength and
resistant material that has chemical resistance, adhesion, water resistance and other beneficial
properties. In engineering construction, epoxy is used for various purposes, including corrosion
protection of metal structures, repair of concrete and the creation of vapor barriers in the soil.
In the soil, epoxy can be used to create a vapor barrier membrane membrane that protects
building structures from moisture and water vapor. The use of epoxy in the soil has a number of
advantages. This material has high chemical resistance and resistance to aggressive substances
in the soil, such as oil and petroleum products. In addition, epoxy has a high adhesion to
concrete and other materials, making it an effective material for creating a durable vapor barrier
membrane in the soil. However, there are some limitations to consider when using epoxy in soil.
For example, when applying epoxy to the soil, it is necessary to ensure good surface preparation
and correct application of the material. In addition, it is necessary to take into account the
technical requirements and recommendations of the manufacturer of the material. Changes to
the calculation must be made in paragraph 2.4. where we created geological layers. Add a layer
of polyamide resin 3 mm thick.[4]
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Figure 10. New sequence of geological layers of the well

The next stages of modeling are made in the same order Figure 11.

Figure 11. Three-dimensional visualization of the temperature distribution in the XZ section of the
calculated area for January 2023 with the addition of a polymer layer.

As a result, the color distribution of the temperature is displayed, where the blue color
corresponds to the lowest temperature, and the red color corresponds to the highest temperature.
To visually show the temperature distribution, you need to adjust and display the “scale”, which
indicates the correspondence between color and temperature. [5]
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Figure 12. Mapping in the calculated area of the three-dimensional distribution
of the filtration rate along the X-axis

4. Conclusions

1. As a result of the study, a thermal forecast calculation of a fragment of the road surface
in the Il Road climatic zone was made on a section of soil saturated with moisture with a high
filtration rate.

2. Construction of a three-dimensional geometry of the calculated area, taking into account
the relief of the Earth’s surface and the geological and lithological structure of the soil.

3.Maintaining a database of thermal and physical properties of soils, materials of construction
objects, climatic factors and parameters of cooling devices.

4. The soil bases of highways, as well as the layers of the pavement, remain in a stable frozen
state at short-term temperature increases up to +6.6 °C due to subcompensation of heat (heat
transfer) of the subject layers and have a sufficient safety margin.

5. During short-term increases in air temperature, only 25 cm of the top of the pavement
is exposed, which corresponds to the top layer of the base made of hot highly porous asphalt
concrete mixture.

6. The application of an additional layer of polymer material at a depth of 53 cm resulted in
increased thermal insulation, waterproofing and prevention of frost heave.
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Kocmbl k. ayaanbiaga Frost 3D 6argapaaMacbiga aBTOMOOMAD JKOABIHBIH MayCbIMADIK,
KaTaTbIH TOIIbIPaKTapbIH ecenTey XaHe MoJjeabaey

A.C.Capcembaesa’, A. K. Kycyn6ekos', Aep Ben Uanr?, C.T.Mycaxanosa’, A.P.Omapos’,
"/1.H. I'ymunres amuvirdazvl Eypasus yammuok ynusepcumemi, Acmana, Kasaxcman
*Tamxanz Ynueepcumemi, Taii6a1i, Tatiearo

Angparna. bya makaaaga Frost 3D mogeanaey 6argapaamachi naiigadana oTepsirn, Kocisr KeHTiHig
(Acrana, KazaxcraHn) MaHbIHAAFBI KO YIacKeCiHAeTi TOIIbIpaK JKargalidapel MogeabaeHe i bya6araapaama
FBLABIMM JK9He MHXKeHepAiK >)kobadapaa KAMMAaTTHIH ©3TepyiHiH My3JaThlAFaH TOIIBIpaKTapFa JKoHe 04apra
CaZbIHFaH MHXKeHepAiK KYpblAbICTapFa ocepiH OaFasay YIIiH KoaJdaHbLAadbl. Bya Garzapaama Tombrpak
plAFaAMeH KaHBIKKaH >KoHe Cy3y >KblA4aMABIFBI KOFaphl YIMiHIII KAMMATTHIK aliMaKkTa OpHaJdackaH K0
>KaMBIAFBICBIHBIH yJacKeciHe >KbI1y 005KaMBIH >KacayFa MyMKiHAik Oepai. Congait-ax, XKepaiy peanedi
MeH TOIIBIPAKTBIH I'€0AOTUAABIK-AUTOAOTUAABIK, KYPBIABIMBIH eCKepe OTBIPBII, KoOaJlaHFaH y4acKeHiH
yuI eamemai Mogeai kKacaaawl. bya Oargapaamaablk KellleH TOHIBIPAKTBIH TePMOCTaOMAM3AIVISICHIH
eckepe OTBIPHIN, KyOBIpAapAbIH, mHaligadaHy YHFbIMaJdapbIHBIH, TUMAPOTEXHUKAABIK >KoHe Oacka
KYPBIABICTAaPABIH >KbIAY 9CepiHeH MoHII MY3JaTbhlAFaH TOIIBIPAKTBIH >KBIAY PeXMUMAEPiHiH FBIABIMU
HerizgeareH 6oAXaMAapbiH adyFa MyMKiHAiK Oepegi. Bya sxympicta 6i3 AcraHaHBIH MayCBIMABIK KaTbIIT
KaJAfaH TOIBIpaKTapblHa apHaAfaH OardapAaMaHBIH MYMKiHAIKTepiH KoadaHAbIK. Frost 3D Universal
baraapaamMacbiHAAFEI MOJeAbaey Oisre sKepaeri >KblAy MeH MacCaHBIH TachIMaAJaHybIH MOJeAbaeyTe JKoHe
DoxayFa MYMKIiHAIK OepJi, eiiTKeHi Oy ’K0A TeceMiHiH KbI3MeT eTy Mep3iMiHe acep eTyi MyMKiH.

Tyiinai cesaep. Frost 3D, Mmy3aaTbLaraH TOIBIPAK, aBTOXK04, KOMIILIOTEPAiIK MOAEAbAEY, DIIOKCUATI
LIAVBIP.

PacueT 1 MOgeanpoBaHIe Ce30HHOIIPOMEpP3aloIMX ITPYHTOB aBTOMOOIMABHOM 4O0OPOTIM B
pavione r. Kocmu ¢ B mporpamme Frost 3D

A.C.Capcembaena’, A. K. Kycyn6ekos', Aep Ben Uanr? C.T.Mycaxanosa', A.P.Omapos'
'Eepasutickuti HauuonarvHoti ynusepcumem um. /1.H. l'ymuresa, Hyp-Cyaman, Kasaxcman
Tamxaneckuir Yruusepcumem, Taii621, Taiieanv

Annoranus. B gannoii crathbe ¢ IOMOIIBIO TPOrpaMMbl TPeXMEPHOTO Modeauposanus Frost 3D
MOAeAMPYIOTCs TPYHTOBBIE YCAOBMS Ha ydacTKe Joporu B paiioHe noceaka Kocmu (Acrana, Kasaxcran).
DTa mporpaMMa MCIIOAB3YeTCs B HayYHBIX ¥ MHK€HePHBIX ITPOeKTax AAsS OIeHKU BAVISHMS M3MeHeHUs
KAMMaTa Ha Mep3able TPYHTHI 1 BO3BOAMMBIE Ha HIUX MHXKeHepHBIe cOoopy:KeHus. JaHHas mporpamma
1I03B0ANAA BBIITOAHNUTE TEIIA0BOM ITPOTHO3 AAs yJacTKa JOPO’KHOTO TOKPHITUA, KOTOpOe HaXOAUTCS B
TpeTbeil KAMMaTUYeCcKol 30He, TAe I'PYHT HachlIlleH BAaroil M MMeeT BBICOKYIO CKOPOCTb PUABTpaIIN.
Taxk >xe 6p11a paspaboTaHa TpexMepHas MOJeAb pacdeTHO MAO0IaAN, YIUTHIBAIOMasA peabedp MeCTHOCTI
U Te0A0Tr0-AUTOAOTHYECKOe CTpOeHMe TpyHTa. DTOT IPOrpaMMHBIN KOMIIAEKC II03BOASET II0AydaTh
HayJYHO OOOCHOBaHHBIE ITPOTHO3HI TEIIAOBBIX PEXXMMOB BEUHOMEP3ABIX TPYHTOB B YCAOBUAX TEILA0BOTO
BO3EMCTBMS TPyOOIIPOBOAOB, AOOBIBAIOIIMX CKBaXKMH, TMAPOTEXHMYECKMX M APYIMX COOPYKEHMil C
y4eToM TepMocCTaOMAM3anuu TpyHTa. B gaHHOI paboTe MBI HMPUMEHMAM BO3MOXKHOCTU ITPOTPaMMEI
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AASl Ce30HHOIIPOMep3aloNiuX I'PyHTOB I. AcrtaHpl. Mogeauposanme B nporpamme Frost 3D Universal
IT03B0AMAO HaM CMOJAeAUpPOBaTh U CIIPOTHO3MPOBATh TEILA0MAacCOIIepeHOC B TPYHTe, TaK KaK OH MOXKeT
IIOBAVSITH Ha CPOK CAY>KOBI 40POKHOTO HOKPBITIS.

Kaiouesnle caosa. Frost 3D, Mepsabni IpyHT, aBTOAOpPOra, KOMIIBIOTEpPHOE MOJeANpOBaHIe,
DIIOKCUAHAs CMOAa.
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