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Abstract. This study examines the thermal regime of multilayer highway subgrades un-
der seasonal freezing conditions in Northern Kazakhstan, with particular attention to differ-
ences between soil beneath the pavement and adjacent snow-covered ground. Field monitoring
was conducted along the Kosshy highway near Astana using a vertical array of temperature
and relative humidity sensors installed within pavement layers and the underlying soil profile.
Measured temperature gradients were used to estimate the effective thermal conductivity of
pavement layers and frozen subgrade soil through inverse calculations based on Fourier’s law.
The results show that the multilayer pavement structure significantly modifies the thermal re-
gime of the soil profile, producing steeper temperature gradients and deeper frost penetration
compared with nearby snow-insulated ground. Moisture migration in the vapour phase was
evaluated using a diffusion-based formulation derived from Fick’s law. In addition, a simplified
energy-balance approach was applied to estimate the potential upper limit of vapour-related
ice accumulation by relating conductive heat flux to latent heat associated with vapour depo-
sition. The comparison of the pavement and snow-covered profiles demonstrates that differ-
ences in thermal conductivity and thermal boundary conditions strongly influence both temper-
ature distribution and potential moisture redistribution in freezing soils.
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Angatna. byn 3epmmey Conmycmix  Kazakcmanoagel  MaycbiMOblK — Kamy
AHCALOAUBIHOARL KON KADAMMbL MAC HCOJL MOCEMOEPIHIH JHCHLLY PeACUMIH 3epmmelioi, acipece
mecem acmvlHOa&bl MONbIPAK NeH 02AH JHCAKbIH OPHANACKAH Kap OACKaH dcep apacblHOAebl
AUbIPMAUBLILIKMAPEA HA3ap ayoapuliadsl. Acmana mansvinoazvl Kocuwbt mac sconvt 6otivinoa
mecem KabammapwlHa HcaHe acmblHbl MONbIPAK, NPOUiHe OPHAMBLIZAH MeMnepamypa MeH
CANLICMBIPMATLL  bLIRANOBLILIK — CEHCOPIAPLIHLIY,  MIK  MACCUBIH  NAUOANAHBIN  OANANbIK
MoHUmopuHe dHcypeizindi. Temnepamypa epaduenmmepi eJuleHeeH, mocem Kabammapsvl MeH
MY30amuli2an mecem MONbIPARLIHbIY MUIMOL JHCbLIYy omKizeiwmicin 6azanay ywin Dypve
3aybIHa Hezi30eNeeH Kepi ecenmeynep apKblibl naudaianvliovl. Homuowcenep ken xabammol
mecem KYpPblIbIMbl MONbIPAK NPOQUIIHIH JHCHLLY DPEHCUMIH aUmMAapivlKmai 632epmemiHiH,
JHCAKBIH ~ MAHOAebl KAPMEH OKWAYIAHRAH —JCepMeH  CANbICmblpeaHoa memnepamypa
2paoueHmmepiniy mik OOAYbIH HCaHe Asi30blH MePeHIpeK eHyiH myovlpamviibii Kepcemeoi. by
Gazacvinoassl wir2andviy mucpayusicel Dux 3ambiHaH anviHeaH Ougysusea HezizoenceH
Gopmynanst Konoana omuipuin b6azananovi. ConbiMeH Kamap, OmKizeiul Heobliy a2blHblH 0YOblH
MYHOBIPLLIYLIMEH — OAUIAHBICIIbL  HCACLIPLIH  HCHLIYMEH  OalllanbiCmulpy  apKulibl  0yed
OQUIAHBICMbBL MY3 HCUHATYLIHBIY bIKMUMAL JHCOAPRbl Wie2iH 6aganay Yuin HeHinoemineeH
9Hepeusi Oanamcyl Macini KONOAHbLIObl. JKon dHcabvinbl MeH Kap Oackan npoguiboepoi
CANLICMBIPY JHCHITY OMKIZIUWMIK NeH JHCLTY UWeKaApacsl Hca0aulapbiHblY AUbIPMAUbLIbIRbL
MY30ambligan MONblpaKmapoa memnepamypaHvly mapaiyblHa 0d, blIeaio0bly Kauma
mapanyvlHa 0a Kammol acep ememinin Kopcemeoi.
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AHHOTaNUsA. B dannom ucciedosaHuu uzyuaemcsi menio8ol peiCum MHO2O0CIOUHBIX
OO0POJICHLIX OCHOBAHUIL 8 YCI08UAX ce30HH020 npomepszanusi ¢ Ceeepnom Kazaxcmane, ¢
0COObIM GHUMAHUEM K DPA3IUYUAM MeHCOy EPYHMOM No0 HOKpublmuem U npuiecarowel
3acHexcennoll nogepxnocmoto. Illonesoti monumopune npoeoouncs 6001b wocce Kocuiwl
80U3U ACcmaHbl ¢ UCNONIBL30BAHUEM BEPMUKANLHOU peuemKU OamyuKo8 memnepamypvl u
OMHOCUMENbHOU  GLANCHOCMU, VCMAHOBIEHHbIX 6 CIOSX NOKPbIMUsi U  HUNCeLeHcaujem
2pyHmogom npogune. Mzmepennvle memnepamypHble cpaouenmol UCHOIb308ANUCH OISl OYEHKU
ahpexmuenoll MmenionpoBOOHOCMU CN0E8 NOKPLIMUL U Mep3]1020 ZPYHMA OCHOBAHUS C
NnOMOWbI0 0OPAMHBIX pacyemos Ha ocHoge 3akoHa Dypve. Pezynomamul noxasviearom, yumo
MHO2OCIOUHASL CMPYKMYPA NOKPLIMUS 3HAYUMETbHO U3MEHSIen Men080U PENCUM SPYHIMOBO20
npoghuns, cozoasas 0Oonee Kpymvle memnepamypHvle epadueHmvl U Oonee 21yboKoe
NPOHUKHOBEHUE MOPO3A NO  CPAGHEHUI0 C  PACHONONCEHHOU PAOOM  30ACHENCEHHO
nosepxnocmoio. Muepayus e6raeu 6 napoeol gaze oyeHusaNACh ¢ UCHONL30BAHUEM
oughghyzuonnou ¢opmynel, evigedennol uz 3akona Duxa. Kpome moeo, Ovin npumenen
YNPOWEHHDIL NO0X00 IHEPeemuiecko20 0Oananca O OYeHKU NOMEHYUANbHO20 BEPXHe20
npeoena HaKonJieHust 160d, CEA3AHH020 C NAPOM, NYMeEM COOMHECEHUs. MEeni1onPOBOOHOCMU C
CKpbIMOU Menjiomot, cea3anHol ¢ ocaxcoenuem napa. CpasHenue npoghunetl 00poOHCHO2O
NOKPbIMUsL U CHENCHO20 NOKPO8A NOKA3bIEAem, YMO pa3iuyus 8 Menionpo8oOHOCMU U
MENI0BbIX 2PAHUYHLIX YCIIOBUAX OKA3bIBAIOM CUNbHOE GIUSHUE KAK HA pacnpeoeieHue
memnepamypbl, MmaxK U HA NOMEHYUAIbHOE NepepacnpedeieHue Gidcu 6 3amep3arujux
2PYHMAX.
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1 INTRODUCTION

Kazakhstan is located in a sharply continental climatic zone characterized by long, severe win-
ters and short, hot summers. In the northern and central regions, ground temperatures frequently fall
below —20 °C for extended periods, and seasonal freezing may penetrate more than 2—2.5 m into the
soil profile. Under such conditions, frost heave represents one of the most important geotechnical
challenges affecting transportation infrastructure. Ice lens formation within road subgrades can lead
to differential heave, transverse cracking, and pavement deformation, significantly reducing pave-
ment service life and increasing maintenance costs (Taber, 1930; Konrad et al., 1980; Sturm et
al., 1997, Coté et al.,2005).

Field observations along highways in the steppe regions of Kazakhstan indicate that frost-re-
lated damage is closely related to the thermal regime of the pavement—soil system. The accumulation
of moisture ahead of freezing fronts and the interaction between freezing depth and soil water content
have been widely documented for cold-region road infrastructures (Teltayev et al., 2022; Sarsemba-
yeva et al.,2022). Monitoring studies conducted in Kazakhstan also demonstrate that seasonal freez-
ing and thawing processes are strongly influenced by the temperature regime of the upper soil layers
and the moisture conditions within the subgrade (Sarsembayeva et al., 2022; Bragar et al., 2022).
Even relatively small variations in thermal boundary conditions may significantly affect heat and
mass transfer processes in freezing soils (Bragar et al., 2022; Sarsembayeva et al., 2022;
Sarsembayeva et al., 2017; Cui et al., 2020).

The thermal conductivity of pavement and soil layers is a key parameter controlling heat trans-
fer within road structures. Classical predictive models of soil thermal conductivity, such as those
proposed by Coté and Konrad (Coté et al., 2005), estimate thermal properties as functions of porosity,
mineral composition, and degree of saturation. Laboratory investigations of base materials have
shown that dense, moist granular layers may reach thermal conductivities of approximately 1-2 W
m~' K™', whereas more porous asphalt mixtures exhibit substantially lower values (Sarsembayeva et
al., 2017; Sarsembayeva et al., 2015). However, multilayer pavement systems represent complex
heterogeneous structures in which air-void distribution, contact conditions between layers, and struc-
tural heterogeneity may significantly modify effective thermal conductivity compared with theoreti-
cal predictions (Sarsembayeva et al., 2021; Bragar et al., 2022).

In addition to conductive heat transfer, moisture migration processes may influence the behav-
iour of freezing soils beneath road structures. When liquid water mobility is restricted by ice for-
mation, moisture can still migrate through air-filled pores in the vapour phase. This process is com-
monly described using diffusion-based formulations derived from Fick’s law and controlled by tem-
perature gradients and vapour-density differences within the soil profile (Farouki et al., 1986
Millington et al., 1961). Several studies have shown that vapour migration may contribute to mois-
ture redistribution near freezing fronts in unsaturated soils (Cui et al., 2020; Yu et al., 2018; Murphy
et al.,2005). Analytical approaches linking measured temperature and relative humidity profiles with
vapour flux estimates therefore provide a useful framework for evaluating such processes under field
conditions (Sarsembayeva et al., 2021; Batterman et al.,1996).

The present study focuses primarily on the thermal regime of a multilayer highway pavement
system and its influence on the underlying soil profile under seasonal freezing conditions. Field mon-
itoring data obtained from the Kosshy highway near Astana were used to analyse temperature distri-
bution beneath the pavement and in adjacent snow-covered ground under natural winter conditions.
Effective thermal conductivities of pavement layers and frozen subgrade soil were estimated from
measured temperature gradients using Fourier’s law. Vapour-phase moisture migration was evaluated
using a diffusion-based formulation derived from Fick’s law, while a simplified energy-balance ap-
proach was applied to estimate the potential upper limit of vapour-related ice accumulation. The ob-
jective of the study was to compare heat and mass transfer processes beneath the pavement and in an
adjacent snow-covered soil profile during a 126-day freezing period, with particular emphasis on
differences in thermal conductivity, temperature gradients, and potential vapour-related ice formation
under contrasting surface boundary conditions.
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2 MATERIALS AND METHODS

The methodological framework focused primarily on the evaluation of the thermal regime of
the pavement—subgrade system and the estimation of effective thermal conductivity of pavement lay-
ers and frozen soil from field measurements. Measured temperature gradients were used to assess
conductive heat transfer within the multilayer structure. In addition, vapour-phase moisture migration
was estimated using a diffusion-based formulation, while a simplified energy-balance approach was
applied to obtain an upper-bound estimate of possible vapour-related ice accumulation.

Field monitoring was carried out along the Kosshy highway near Astana, Kazakhstan, an area
with a sharply continental climate marked by long winter periods and 120-150 days of subzero
temperatures. The road embankment has a multilayer pavement system that includes a 5 cm dense
asphalt wearing course, a 10 cm porous asphalt layer, a 12 cm highly porous asphalt base, a 15 cm
crushed stone—sand mixture (C-4), a 15 cm gravel-sand bedding layer, and a subgrade of sandy clay
(light sandy loam). Along the roadside, a ditch about 0.7 m below the pavement surface accumulated
and maintained nearly 0.5 m of snow during the winter season.

surface

The top layer of the pavement of hot
dense asphalt mix type B, grade I

5cm = e

20 cm
e e The layer of the pavement of hot coarse-

40 cm III III grained porous asphalt concrete, grade I

60 em The top layer of the basis from a hot

80 cm high-porosity asphalt concrete mix

100 cm The bottom layer of the base from the

crushed stone-sand mixture C-4

140 cm The underlying layer of gravel-sand
mixture

180 cm

220 cm
Soil - light sandy clayey soil

€Y (b)

Figure 1 - Monitoring temperature and humidity in pavement layers and under the road:
(a) Data logger station; (b) Sensor installation layout (author’s materials)

A network of temperature and relative humidity sensors was installed within the pavement
structure at predetermined depths of 0, -5, -20, and -40 cm, as well as in the clayey subgrade at 0.4 m
spacing intervals (Figure 1). The sensor systems placed beneath the traffic lanes were intended to
monitor the coupled thermal and moisture conditions of both flexible and rigid pavements under the
combined influence of traffic loading and knumarnueckux ¢akxropos. In addition, sensor arrays po-
sitioned along the shoulder of a cement-concrete section were used to capture cross-sectional varia-
tions in the vicinity of embankment slopes and road shoulders (Aubakirova et al., 2024; Yesbolat et
al., 2025).

At each monitoring location, a combined temperature—humidity probe produced by NPP Inter-
pribor (Chelyabinsk, Russian Federation) was installed. This device consisted of a resistance thermis-
tor together with a dielectric moisture sensor (VIMS-2.2), officially certified in the State Register of
Measuring Instruments of the Republic of Kazakhstan. Such an arrangement allowed temperature and
relative humidity to be measured simultaneously at the same point within the pavement—subgrade
profile.

Throughout the winter period, the sensors continuously recorded temperature (T, °C) and pore-
air relative humidity (RH, %), generating an uninterrupted dataset that made it possible to track freez-
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ing-front development, vertical temperature gradients, and patterns of moisture migration (Abdrakh-

manova et al., 2025).

Table 1
Physical and index properties of subgrade soil (averages by depth).
Indicator 1.0m 20m 25m 3.0m 40m 6.0m
Liquid limit wL (%) 22.10 26.80 25.80 27.40 22.40 26.00
Plastic limit wP (%) 10.90 13.50 14.40 15.50 15.30 14.00
Plasticity index IP (%) 11.10 13.30 9.90 11.80 13.00 12.00
Natural water content w (%) 21.00 20.10 17.00 21.80 18.00 20.00
Consistency index IL (-) 0.90 0.53 0.31 0.53 0.39 0.50
Bulk density p (g/cm?) 1.78 2.00 2.02 1.99 1.89 2.09
Dry density pd (g/cm?) 1.47 1.67 1.76 1.66 1.60 1.74
Particle density ps (g/cm?) 2.72 2.73 2.72 2.72 2.73 2.73
Porosity n (%) 45.92 38.87 36.71 39.85 41.33 36.20
Void ratio e (-) 0.85 0.64 0.57 0.64 0.70 0.57
Degree of saturation Sr (-) 0.67 0.86 0.83 0.89 0.70 0.96

The February 2023 temperature distribution shown in figure 2 reveals pronounced temperature
variations close to the pavement surface, but these fluctuations decrease rapidly below a depth of
about 0.6 m. This pattern reflects the insulating influence of both the snow cover and the road
structure. At greater depths, the temperature curve becomes more uniform and gradually rises toward
the unfrozen underlying layer. The point where the profile intersects the 0 °c isotherm indicates the
depth of seasonal frost penetration. These observed temperature profiles were later used to inversely
determine the thermal conductivity of the individual pavement and soil layers under quasi-steady
winter conditions, and also served as the basis for estimating vapour migration and the rate of ice
accumulation within the freezing subgrade.
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Figure 2 - Temperature regime of the subgrade in February 2023 (author’s materials)

Thermal Conductivity section. Thermal conductivity of each pavement layer was back-cal-
culated from the measured midwinter temperature profile by applying Fourier’s law for one-dimen-
sional heat conduction under quasi-steady conditions:
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aT
_ 1
q kaz 1)

where q is the vertical heat flux per unit area (W/m?), calculated from the observed tempera-
ture differences dT and layer thicknesses dz; k is the thermal conductivity of the layer.

This inversion procedure allows estimation of the effective conductive heat flux through the
pavement structure and the upper subgrade during the midwinter period when the temperature profile
approaches quasi-steady conditions. For the subsequent energy-balance calculations, the total heat
energy passing through a layer during a time interval t was determined as:

Q=q-t (2)

where @ is expressed in J per m?, t — time interval in s.

Diffusion-based vapour transport. Moisture transport in the gaseous state was evaluated using
Fick’s first law of diffusion, but with explicit mass—volume relations to connect measured RH, air
volume fraction, and vapour mass flux.

Air-filled pore volume. The volume of air in a 10 cm mould section was computed from air-
filled porosity:

Vair = 0qVsec (3)

where V. is the total section volume and L, its length (0.10 m); A, is the cumulative
cross-sectional area of air voids per unit soil section length Lg,:

V .
Agir = = (4)

LSBC

The parameter A,;,- represents the total effective area through which vapour migrates in the
gaseous phase. Derived from the air-filled porosity (8,) and the section volume (V,.), it reflects the
cumulative cross-section of all air pores—effectively equivalent to the diameter of an “average” air
channel available for vapour flow through the soil.

Vapour density in soil pores.

The instantaneous density of water vapour in pores is:

_ 1R(T)

- 5
Py RT RH (5)

where p_ is the water vapour density calculated from the measured temperature T and relative
humidity RH; u— molar mass of water vapour, P, (T) — saturated vapour pressure over ice (T <0 °C)
or water (T > 0 °C), R — universal gas constant.

Vapour transport through air pores.

The volume of vapour passing through the air-channel cross-section during time t is:

Vvapour =v-t-Agr (6)

where v is the mean advective—diffusive velocity in air voids. Combining with mass relation

Myapour = Pv * Vvapour = Pv "V t* Agiyr the velocity is equal to:
mvapour

V=—T—— 7

Py Agir - t ( )
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Diffusive vapour flux.
Using Fick’s first law, the diffusive mass flux per unit surface area is:

aiff _ _p 9Py
v eff 9z (8)

where ];”ff is the mass flux of vapour (kg-m™2-s),

D is the effective vapour diffusivity corrected for soil tortuosity:

4/3
The total vapour flux:
st =7 4 e (10)

where J3 = p, u, accounts for advective transport due to gas pressure gradients, u, is the
Darcy gas velocity. In the present study u, assumed be negligible.

Ice deposition.
The mass of ice deposited at the colder end of each segment during ¢ is:

Mice = Py ° Vvapour =py V-t Agpy (11)

Energy-Balance Method. The second approach provides an approximate upper-bound esti-
mate of vapour-driven ice formation by relating conductive heat flux within the soil to the latent heat
associated with vapour deposition. In this simplified formulation, a fraction of the conductive heat
flux is assumed to contribute to phase change processes. The parameter o represents the efficiency of
conversion between conductive heat transfer and latent heat associated with vapour condensation and
freezing. In this study, a = 0.6 was adopted as a representative scenario to illustrate the potential
magnitude of vapour-related ice accumulation (Zhangabay et al., 2025; Nurakhova et al., 2025).

Integration and limitations. Both analytical approaches were applied to the same measured
temperature and humidity profiles, allowing comparison between diffusion-based estimates and en-
ergy-based upper-bound values. The modelling framework assumes one-dimensional vertical heat
transfer, quasi-steady winter conditions, negligible gas convection, and homogeneous properties
within each soil layer.

3 RESULTS AND DISCUSSION

The measured temperature profile for February 2023 indicates that the soil column remained
frozen to a depth of approximately 2.4—2.6 m, while deeper soil layers remained unfrozen. Tempera-
ture gradually increased with depth, ranging from approximately —8.9 °C near the pavement surface
to about +2 °C at a depth of 3 m. This distribution reflects a persistent upward conductive heat flux
from the warmer unfrozen soil layers toward the colder near-surface zone.

A clear difference was observed between the thermal regimes beneath the pavement and be-
neath the adjacent snow-covered ground. Throughout the entire monitored depth range, the soil be-
neath the pavement remained significantly colder than the soil beneath the snow cover. At the surface,
the temperature under the pavement reached approximately —8.9 °C, whereas beneath the snow cover
it was about —7.8 °C. The difference increased with depth and reached its maximum value of about 7
°C at approximately 1.8 m depth.
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The snow cover acted as an effective thermal insulator, reducing heat loss from the ground
surface and maintaining a relatively warmer and smoother temperature profile. In contrast, the pave-
ment structure intensified surface cooling and promoted stronger vertical temperature gradients
within the underlying soil.

The steepest temperature gradients occurred in the lower part of the seasonal frozen layer, par-
ticularly within the 1.8-2.6 m depth interval. In this zone, the temperature gradient exceeded approx-
imately 8-9 °C m™', indicating the presence of strong thermal forcing near the boundary between
frozen and unfrozen soil. These gradients play an important role in controlling conductive heat trans-
fer and may also influence vapour-phase moisture migration within the soil profile.

Overall, the observations demonstrate that the multilayer pavement structure significantly mod-
ifies the thermal regime of the underlying soil compared with natural snow-covered ground. The
pavement promotes deeper frost penetration and stronger temperature gradients, whereas the snow
cover acts as a thermal buffer that moderates soil temperature variations during the winter period.

February 2023: Mean Temperature Profile

50 1

100 A

200 1

250 A

300

-12 10 -8 -6 4 -2 0 2
Temperature, °C

Figure 3 - Temperature distribution beneath the highway pavement (author’s materials)

Table 2 summarises the temperature distribution beneath the pavement and in the adjacent nat-
ural ground insulated by approximately 0.5 m of snow cover. The measurements show that the pave-
ment profile was consistently colder than the snow-covered profile throughout the entire measured
depth range. At the surface, the temperature beneath the snow was —7.8 °C, whereas the pavement
surface temperature was —8.9 °C, giving a difference of 1.1 °C. This contrast increased with depth
and reached a maximum of 7.0 °C at 1.8 m, where the temperature under snow was 0.1 °C and under
the road —6.9 °C.

Below 2.2 m, the difference gradually decreased, although the pavement profile remained
colder even at 3.0 m depth, where the temperature difference was still 1.4 °C. These observations
confirm that the road structure intensified cooling and promoted deeper frost penetration than the
adjacent snow-covered ground. The snow cover acted as a more effective thermal insulator, maintain-
ing a warmer and smoother temperature profile.
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}‘:rlr)llpeeiature distribution across the highway cross-section (February 2023)
Depth (cm) T under snow (°C) T under road (°C) Difference (snow — road), °C

0 7.8 -8.9 11
=5 7.6 -11.0 34
-20 7.0 -12.9 5.9
—-40 —6.1 -12.3 6.2
—60 -5.2 -8.7 35
—-100 -3.8 —8.2 44
—140 -1.9 -8.7 6.8
—180 0.1 —6.9 7.0
—220 1.8 -3.0 4.8
-260 2.9 0.3 2.6
=300 3.4 2.0 1.4

This contrast demonstrates that the pavement structure not only increases surface cooling but
also redistributes heat flow within the subgrade, resulting in a colder and deeper frozen zone beneath
the road. This difference is important for interpreting the subsequent calculations of thermal conduc-
tivity and vapour transport.

The effective thermal conductivity of the pavement layers and the frozen subgrade soil was
estimated using inverse calculations based on the measured temperature profile for February 2023
and Fourier’s law of one-dimensional heat conduction under quasi-steady winter conditions. The
method assumes that, during midwinter, the temperature profile within the pavement—subgrade sys-
tem approaches a quasi-steady state in which vertical conductive heat transfer dominates.

The back-calculated thermal conductivities for the individual pavement layers are presented in
Table 3. The results indicate substantial variation in thermal properties between the structural layers
of the pavement system. The dense asphalt concrete surface layer exhibited the lowest effective ther-
mal conductivity, reflecting the relatively low thermal conductivity of asphalt mixtures and the pres-
ence of air voids within the material.

Table 3
Back-calculated thermal conductivity of pavement system layers.
Layer Thickness (m) AT (°C) k (W/m-K)
Dense asphalt concrete 0.05 2.06 0.19
Porous asphalt concrete 0.10 1.26 0.64
Highly porous asphalt 0.12 0.43 2.21
Crushed stone—sand mix 0.15 0.72 1.67
Gravel-sand layer 0.15 2.67 0.45
Frozen sandy clay subgrade 243 11.22 1.74

In contrast, the frozen sandy clay subgrade showed the highest thermal conductivity among the
analysed layers. The calculated value of approximately 1.7 W m™ K™ is consistent with the expected
behaviour of frozen fine-grained soils, where partial ice saturation of pore space significantly in-
creases thermal conductivity. Granular base layers showed intermediate values, reflecting their rela-
tively dense structure and the presence of mineral particles with higher intrinsic thermal conductivity.

The results also demonstrate that the multilayer pavement structure creates a heterogeneous
thermal system in which each layer contributes differently to the overall heat transfer through the
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pavement—subgrade profile. Layers with lower thermal conductivity act as thermal resistances, while
more conductive layers facilitate heat transfer between the surface and the underlying soil.

Using the estimated thermal conductivities and the measured temperature gradients, the con-
ductive heat flux through the pavement—subgrade system during the analysed winter period was cal-
culated to be approximately 10.7 W m™2. This value represents the net upward heat flow from the
warmer unfrozen soil layers toward the colder near-surface zone.

The highly porous asphalt yielded a relatively high effective conductivity of 2.21 W m™* K™,
which may reflect the combined effect of its structural connectivity and the inverse character of the
calculation based on the measured profile. Overall, the nearly linear temperature gradient in the frozen
subgrade supports the assumption that a quasi-steady heat-flow regime was established during the
February period analysed.

The obtained heat flux provides an important physical parameter for interpreting moisture mi-
gration processes in freezing soils. In particular, it defines the amount of thermal energy available for
phase change processes, including vapour condensation and ice formation within the frozen layer.
Consequently, the thermal conductivity estimates derived from field measurements serve as a basis
for the subsequent evaluation of vapour-phase moisture transport in the soil profile.

The vapour transport analysis was carried out using a diffusion-based formulation derived from
Fick’s law and incorporating the Millington—Quirk expression for effective gas diffusivity. Vapour
density at each monitoring depth was calculated from the measured temperature and relative humid-
ity.

The calculated vapour-density gradients % were positive in most segments, indicating that va-

pour density increases with depth. As a consequence, the resulting diffusive fluxes are negative, which
corresponds to upward vapour migration toward colder layers.

The largest vapour flux beneath the pavement was obtained in the 1.80—2.20 m interval, where
the calculated diffusive flux reached —1.62 X 10~°kg m2 s~'. Slightly smaller magnitudes were ob-
tained in the 1.40-1.80 m and 2.20-2.60 m intervals, confirming that the lower part of the seasonal
frozen layer was the main zone of diffusion-driven vapour transport.

Table 4
Diffusion-based vapour flux
Segment (m) PP kg'm phottom ko.m3 dp,/0z, kg-m™ J2T kg m2st

0.60-1.00 0.00226 0.00235 2.23x10* —6.27x1071°
1.00-1.40 0.00235 0.00238 7.45%10°° —1.27x1071°
1.40-1.80 0.00238 0.00274 9.08x10* —9.63x1071°
1.80-2.20 0.00274 0.00382 2.68x1073 -1.62x107°
2.20-2.60 0.00382 0.00495 2.83x1073 —8.06x1071°

The diffusion-based estimates indicate that vapour movement remained physically consistent
but quantitatively small. Even in the most active interval, the calculated daily ice deposition beneath
the pavement did not exceed 1.40 X 10~ *kg m2 day . These values are too small to explain sub-
stantial frost heave by diffusion alone, but they do confirm the presence of a persistent vapour supply
toward the colder part of the profile.

For comparison, analogous calculations were performed for the adjacent ground beneath the
snow cover. In this case, the vapour-density gradients were smaller and the resulting fluxes were
weaker, reflecting the warmer and more gradual temperature profile of the snow-insulated ground.
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Table 5
Diffusive vapour flux parameters beneath snow-covered ground
Segment (m) £,°P kg/m?® p,ottom o/ %! kg/m* ]ziff , kg/m?-s

0.60-1.00 0.00303 0.00344 1.02x1072 —1.91x107°
1.00-1.40 0.00344 0.00406 1.55x1073 —1.87x1071°
1.40-1.80 0.00406 0.00482 1.88x1073 =7.64x10™
1.80-2.20 0.00482 0.00548 1.66x1073 —2.50x10™
2.20-2.60 0.00548 0.00591 1.08x1073 —1.24x10™

The weaker vapour fluxes beneath snow indicate that the snow cover substantially reduced the
intensity of thermal forcing and thus limited the potential for upward vapour migration. This result is
consistent with the warmer temperature regime shown in Table 2.

Table 6
Daily ice accumulation predicted by diffusion-based vapour transport (February 2023)

Segment (m) Under road (kg m? day™") Under snow (kg m2 day™)
0.60—1.00 5.42x1073 1.65x107°
1.00-1.40 1.09x107° 1.62x107°
1.40-1.80 8.32x1073 6.60x107°
1.80-2.20 1.40x107* 2.16x10™°
2.20-2.60 6.97x107° 1.07x107°

The largest vapour-driven ice accumulation beneath the pavement occurred in the 1.80-2.20 m
layer, corresponding to the strongest vapour-density gradient. In general, the diffusion-based calcu-
lations indicate that vapour migration was persistent but quantitatively limited. Even in the most ac-
tive interval, the predicted daily ice deposition beneath the pavement remained on the order of 10~
kg m™ day !, whereas beneath the snow-covered ground the values were one to two orders of magni-
tude smaller. These results suggest that vapour diffusion alone represents only a minor contribution
to seasonal ice accumulation, although it confirms the presence of a continuous vapour supply toward
colder zones within the frozen profile.

To estimate the potential upper limit of vapour-driven ice formation, a simplified energy-bal-
ance approach was applied. In this method, a fraction of the conductive heat flux is assumed to be
converted into latent heat associated with vapour deposition and ice formation.

Using the heat flux derived from Fourier’s law and assuming o = 0.6, the predicted ice deposi-
tion rates were substantially larger than those obtained from the diffusion-based approach. Beneath
the pavement, the highest deposition was obtained in the 1.80-2.20 m layer, where the predicted value
reached 0.3200 kg m™ day'. A second high value was observed in the 2.20-2.60 m interval, with
0.2711 kg m2 day . In the adjacent snow-covered ground, the predicted deposition was more evenly
distributed with depth and ranged from 0.0905 to 0.1646 kg m2 day .

The energy-balance estimates therefore define an upper envelope of possible vapour-related ice
formation under the observed winter thermal regime. In contrast to the diffusion-based results, which
remained small throughout the profile, the energy-based approach suggests that the available conduc-
tive heat flux may be sufficient to support substantially greater phase-change activity, particularly
near the lower boundary of the seasonal frozen layer.
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Ezli)ll; i7ce deposition by the energy-balance method (February 2023, o = 0.6)
Segment (m) Under road (kg-m2-day™?) Under snow (kg-m2-day™)
0.60-1.00 0.0253 0.1152
1.00-1.40 0.0000 0.1564
1.40-1.80 0.1277 0.1646
1.80-2.20 0.3200 0.1399
2.20-2.60 0.2711 0.0905

The analytical framework applied in this study differs from conventional approaches in two
principal respects. First, the thermal conductivity of the pavement and subgrade layers was obtained
through back-calculation from field-measured temperature gradients using Fourier’s law under quasi-
steady winter conditions. This inversion procedure yields effective conductivity values that inherently
incorporate the heterogeneity of multilayer pavement systems, including differences in asphalt mix-
tures, granular bases, air-void distribution, and imperfect thermal contact at layer interfaces. Classical
predictive models such as those proposed by Coté and Konrad (Coté et al.,2005) or Farouki (Farouki
et al., 1986) estimate soil thermal conductivity primarily as a function of porosity, mineral composi-
tion, and degree of saturation. Although such formulations provide useful generalisations, they may
not adequately reproduce effective heat fluxes in complex pavement structures where layering and
contact resistance strongly influence heat transfer.

The back-calculated thermal conductivities obtained in this study indicate that the frozen sandy
clay subgrade exhibits relatively high effective conductivity (approximately 1.7 W m™' K™'), con-
sistent with partial ice saturation of the pore space. The resulting conductive heat flux through the
pavement—subgrade system during February was approximately 10.7 W m™2. This value provides an
important physical constraint for interpreting vapour migration, because conductive heat transport
represents the primary energy source driving phase change and vapour redistribution within the frozen
soil profile.

Second, the vapour transport analysis integrates two complementary perspectives: a diffusion-
based formulation derived from Fick’s law and an energy-balance approach that links conductive heat
flux to the latent heat of vapour—ice phase change through an efficiency factor a. The diffusion-based
method yielded relatively small but persistent vapour fluxes. Beneath the pavement, the maximum
daily deposition rate reached approximately

1.40x10* kg'm2-day ' in the 1.80-2.20 m interval, whereas beneath the adjacent snow-cov-
ered ground the predicted values were one to two orders of magnitude smaller. When integrated over
the frozen depth interval (0.60-2.60 m) and the 126-day freezing season, the cumulative vapour-
derived ice mass remains on the order of 1072 kg-m™ beneath the pavement and 10~* kg-m™ beneath
the snow-covered ground. These values confirm that diffusion alone represents only a limited mech-
anism of vapour-driven moisture supply toward the freezing front.

In contrast, the energy-balance approach produces substantially larger estimates because it as-
sumes that a fraction of the conductive heat flux is converted into latent heat associated with vapour
condensation and freezing. For the central efficiency scenario with a=0.6, the predicted ice deposition
beneath the pavement reaches approximately 0.320 kg:m2-day ! in the 1.80-2.20 m layer, while the
adjacent snow-covered profile yields values between 0.090 and 0.165 kg:m=-day ' depending on
depth. These values exceed the diffusion-based estimates by several orders of magnitude and there-
fore represent an upper envelope of potential vapour-driven moisture transfer.

Both approaches consistently identify the lower boundary of the seasonal frozen layer as the
most active zone of vapour-driven moisture redistribution. In the February profile this zone occurs
between approximately 1.8 and 2.6 m depth, where the vertical temperature gradients exceed 89 °C
m'. Physically, this region corresponds to the interface between colder frozen soil above and rela-
tively warmer unfrozen soil below, which produces the strongest upward conductive heat flux and the
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largest vapour-density gradients. As a result, vapour migration is concentrated near this boundary,
where phase change processes can potentially contribute to ice accumulation.

The systematic difference between the pavement and snow-covered profiles further illustrates
the role of thermal boundary conditions. The multilayer pavement system produces steeper vertical
temperature gradients than the adjacent snow-covered ground because the snow layer acts as an ef-
fective thermal insulator. Consequently, the pavement profile supports stronger conductive heat flux
and therefore greater vapour migration and potential ice deposition. This behaviour is reflected in the
consistently higher vapour-driven ice accumulation predicted beneath the pavement relative to the
snow-covered ground.

The magnitude of the calculated vapour fluxes is broadly consistent with previously reported
observations. Yu et al. (Millington, 1961) reported vapour-driven water fluxes of approximately
0.04-0.14 kg-m™2-day' during rapid freezing periods, corresponding to about 6—13 % of the total
moisture migration. The energy-balance estimates obtained in this study fall within the same order of
magnitude, whereas the diffusion-based results are closer to laboratory-derived lower bounds. Bat-
terman (Batterman, 1996), for example, reported effective gas diffusion coefficients corresponding
to vapour fluxes on the order of 107°-10° kg-m2-day ' in moist soils. Other studies of frozen soil
and snowpack systems (He et al., 2018; Huang et al., 2023; Zhang et al.,2016) emphasize the im-
portance of vapour transport in cryogenic processes, although they rarely provide directly comparable
daily flux estimates.

Additional context can be obtained from snowpack sublimation studies. Eddy-covariance meas-
urements reported by Reba et al. indicate typical snow sublimation rates of approximately 0.15-0.40
kg-m™-day! under sheltered conditions, with episodic values approaching 1-2 kg:m=-day' in ex-
posed environments. The upper-bound energy-balance flux obtained in this study (=0.10-0.32
kg-m-day! depending on depth) therefore lies within the lower envelope of reported snowpack
vapour fluxes. This agreement is physically plausible because snow represents a highly porous me-
dium that facilitates vapour exchange, whereas frozen soils are constrained by lower pore connectiv-
ity and limited conductive energy supply.

Taken together, these findings indicate that diffusion-based calculations provide a conservative
lower bound for vapour-driven moisture migration, whereas the energy-balance method defines an
upper envelope of plausible fluxes controlled by the available conductive heat flux. The true contri-
bution of vapour transport to frost heave processes in highway subgrades is therefore likely to lie
between these two estimates and to depend strongly on thermal gradients, soil structure, and the effi-
ciency of heat conversion into phase change.

Overall, the results demonstrate that vapour migration, although unlikely to be the dominant
mechanism of frost heave, may contribute to moisture redistribution within the lower part of the sea-
sonal frozen layer. By combining inversion-based thermal conductivity estimation with dual-method
vapour flux analysis, the present framework provides a more realistic representation of heat and mass
transfer in multilayer pavement systems than approaches relying solely on generalized thermal prop-
erties. At the same time, the consistent enhancement of vapour-driven ice accumulation beneath the
pavement relative to the snow-covered ground highlights that pavement structures influence not only
surface cooling but also the internal redistribution of moisture within freezing soils.

4 CONCLUSIONS

This study presented an analytical framework for evaluating thermal conductivity and vapour-
driven moisture transport in freezing highway subgrades using field-monitored temperature and hu-
midity data obtained beneath both pavement and adjacent snow-covered ground.

The main conclusions are as follows.
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1. Effective thermal conductivities of pavement and subgrade layers were successfully esti-
mated by back-calculation from measured temperature gradients under quasi-steady winter condi-
tions. These values reflect the actual heterogeneity of the multilayer pavement structure and provide
a realistic basis for evaluating conductive heat flux.

2. The pavement profile remained consistently colder than the adjacent snow-covered ground
throughout the monitored depth range. The multilayer pavement structure intensified surface cooling,
promoted steeper temperature gradients, and resulted in deeper frost penetration, whereas the snow
cover acted as an effective thermal insulator.

3. The diffusion-based vapour transport calculations produced relatively small vapour fluxes,
with maximum daily ice deposition on the order of 10~* kg m2 day ! beneath the pavement and one
to two orders of magnitude lower beneath the snow-covered ground. These results indicate that dif-
fusion alone contributes only limited amounts of vapour-derived ice.

4. The simplified energy-balance approach yielded substantially larger deposition estimates.
For a = 0.6, the predicted daily ice accumulation beneath the pavement reached up to 0.320 kg m™
day™', representing an upper-bound estimate of possible vapour-related ice formation under the ob-
served thermal conditions.

5. The most active zone of vapour-related moisture redistribution was located near the lower
boundary of the seasonal frozen layer, where the strongest temperature gradients were observed. This
indicates that thermal boundary conditions play a key role in controlling both heat transfer and the
potential for moisture redistribution within freezing road subgrades.

Overall, the results show that vapour transport should be considered in the interpretation of
frost-related processes in multilayer road structures, particularly where strong thermal gradients de-
velop beneath pavements under cold continental climatic conditions.
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