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Abstract. This work is aimed at computational comparative studies of natural changes in soil temperature 
and under a building with a ventilated basement in Norilsk. In contrast to conventional projects, it was 
planned to locate a small part of the building directly on the ground, which could lead to additional thawing 
of the soil. Laboratory data on soil samples in the thawed and frozen state, taken from boreholes at the 
construction site, and the results of soil temperature measurements at a depth of about 14 m were used to 
perform calculations. When forming the boundary conditions of the calculation model on the outer surface 
of the soil, the radiation balance for the conditions of Norilsk was considered. It was found that the radiation 
balance from May to August is positive and leads to soil heating, and in the rest, most part of the year, it is 
negative and causes soil cooling. New results obtained demonstrate that a decrease in the moisture content 
of the surface soil layers reduces the influence of phase transitions on the thermal-inertial properties of the 
soil, which leads to an increase in the thickness of the active soil layer (where annual temperature 
fluctuations are observed), an increase in the depth of thawing in the summer-autumn period, and a 
decrease in the soil temperature under the active layer. The temperature distributions over the depth of soil 
under different sections of the building with a ventilated basement and in the immediate vicinity of the 
building in a long-term operation cycle after completion of its construction were calculated. According to 
calculation results, the maximum depth of soil thaw under a building with a ventilated basement decreased 
by 12 % compared to natural conditions, reaching 1.1 m. It is shown that for multi-story buildings with 
ventilated basements, individual structural elements with insulation can be located directly on the ground 
surface, and additional thawing of the soil will not occur under them. However, for this case, the absence 
of additional thawing of soil should be confirmed by a heat engineering calculation taking into account the 
ratio of surface areas of the ventilated basement and the structural elements located on the ground, as well 
as the features of their insulation. 
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1. Introduction 
The object of study of this work is the distribution of temperature in permafrost soils in the annual 

cycle during the construction of buildings with a ventilated basement in Norilsk. 

According to expert findings, the actual area of permafrost is 15 % of the land area in the Northern 
Hemisphere and 0.5–0.6 % in the Southern Hemisphere [1]. In Russia, about 60–65 % of the land surface, 
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which is 11 mln km2, is presented by permafrost zones, and permafrost is continuously distributed over 
85 % of the Arctic zone [2]. 

The Russian Arctic is one of the most urbanized regions of Russia with the urban population 
accounting for about 88 % [3]. There are six cities in the Russian Arctic with a population of over 100,000 
people: Murmansk, Arkhangelsk, Severodvinsk, Novy Urengoy, Noyabrsk, and Norilsk. In these cities, a 
large number of multi-story buildings have been built and are in operation. Cities in the Arctic are heat 
islands in regions with a cold continental climate, where the average annual surface temperature of the 
earth is approximately 6 °C higher than the surface temperature of the soil under natural conditions. 

The general trend of climate warming is also manifested by an increase in permafrost temperature 
in different regions of the world [4]. The temperature regime of permafrost is usually characterized by the 
average value of annual temperature measured at a depth of zero annual soil temperature amplitudes, 
which is usually 10–15 m in the northern regions of Western Siberia. The observed warming for permafrost 
soil in the Arctic region is 2.8 °C, which corresponds to the average annual temperature increase of 
0.056 °C/year. In the European north of Russia, the increase in permafrost temperature is slower and is 
0.04 °C/year [5]. Thus, Arctic permafrost is warming faster, which is associated with a more significant 
increase in the air temperature in the Arctic region [6]. 

Some studies have modeled the average annual change in shallow permafrost temperature 
associated with warming. Thus, modeling performed for the western part of the Yamal Peninsula showed 
that the average annual change in soil temperature could reach a depth of 50 m in the next 50 years, while 
permafrost could become 1.3 °C and 2.3 °C warmer at depths of 20 m and 7–10 m, respectively [7]. The 
current trend of climate warming will obviously continue, which is confirmed by modeling of the general 
circulation in the atmosphere [8]. 

If the warming trend does not change to cooling by the end of the 21st century, most of the 
underground permafrost will melt, leading to irreversible changes in the landscape and destruction of the 
built environment [9]. The damage from permafrost thawing in Russia by 2050 is estimated to be around 
105 billion dollars [10]. 

Almost 4,000,000 people, about 70 % of the existing infrastructure, and 45 % of hydrocarbons in the 
Russian Arctic are located in areas with a high potential for melting of near-surface permafrost and 
associated risks of soil instability by 2050 [11]. 

Design and construction of structures in permafrost regions requires consideration of global warming 
trends and the associated increase in permafrost temperature. Permafrost warming can change its 
properties due to an increase in the content of unfrozen pore water, which can be unevenly distributed in 
heterogeneous permafrost. Unfrozen water can exist in soils over a wide range of negative temperatures. 
The liquid component of pore moisture has been the subject of research for about 100 years, but many 
aspects of the problem remain poorly understood, including control of the phase composition of moisture 
in permafrost [12] and the influence of surface soil moisture on the depth of soil thawing during the summer-
autumn period. 

Although the temperature of permafrost in the Northern Hemisphere reaches –12 ÷ –10 °C, some 
part of the pore moisture remains unfrozen [13]. 

Prolonged warming in the Arctic is accompanied by a gradual increase in the temperature of the 
near-surface permafrost and an associated increase in the content of unfrozen water at the depths reached 
by heat waves. These processes cannot be classified as melting, since the soil does not become completely 
thawed and remains at negative temperatures, although it contains a large amount of unfrozen water. Thus, 
permafrost degradation actually occurs [12]. 

The amount of unfrozen pore water depends on the soil salinity and peat content; it is much greater 
in saline and peat-rich soils than in non-saline rocks with a lack of organic matter [14]. These soil features 
must be taken into account when operating existing engineering structures and when preparing new 
projects. 

Permafrost retains a huge cold resource and is unlikely to melt to a catastrophic degree in the coming 
decades. However, constant warming of the near-surface permafrost can change the phase composition 
of the pore moisture due to an increase in unfrozen water, and this will cause transition of the solid 
permafrost into a more plastic state. The content of unfrozen water can increase even more as a result of 
thermal impact during the construction of buildings and structures, drilling operations, laying pipelines, etc. 
[15]. 

The widespread occurrence of permafrost in the Arctic region and the extremely harsh climate create 
great difficulties during construction [16]. There are a number of proven technologies for constructing 
facilities in Arctic conditions, and the technology of using a ventilated basement in buildings is one of the 
most common among them. This technology ensures heat removal from the building and prevents its 
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penetration into the soil [17]. Measurements of soil temperature distribution under a building with a 
ventilated basement in the city of Yakutsk showed that soil cooling was especially significant in the first two 
to three years after the completion of construction: by 3–4 °C and 0.3 °C at the depths of 6 m and 18 m, 
respectively. During the construction of buildings with ventilated basements, a decrease in soil temperature 
under them was 3–6 °C in Norilsk, 1–3 °C in Yakutsk [18], and 0.5–1.5 °C in Igarka [19]. In addition, the 
technologies of injection soil stabilization and improvement of soil properties by jet grouting are also used 
[20]. Therefore, there are limited data in the literature on the reduction of soil temperature under buildings 
with ventilated basement, but there are no results of such measurements over a long period of time with a 
detailed description of the composition and properties of the soils. 

One of the methods for creating industrial infrastructure on permafrost soils is the method of pile 
foundation, which is erected in winter with preliminary soil strengthening [21]. The developers of this method 
calculate possible warming scenarios that may result in a decrease in the bearing capacity of piles, using 
the software package “Frost 3D”. In the case of a risk of a significant reduction in the bearing capacity, it is 
suggested to use thermosiphons for additional soil freezing. 

Construction of infrastructure in permafrost regions can cause changes in the properties of 
permafrost. Laying highways and constructing embankments over permafrost inevitably lead to the 
changes in local microclimate conditions and affect the surrounding vegetation, snow cover, and soil water 
balance [22]. 

To analyze the state of permafrost, it is proposed to use a method based on the application of 
freezing and thawing indices applying the results of the field measurements in soils at construction sites 
[23]. Such an analysis of the numerical values of the indices allows an estimate of the final impact of the 
entire spectrum of anthropogenic and natural factors on the state of permafrost. The development of 
numerical methods for predicting the strength of permafrost [24] and the processes of formation of frost 
cracks, taking into account changes in temperature fields and the physical and mechanical properties of 
permafrost is an important issue [25]. 

The results of comparative calculations of the depth of soil freezing performed with application of 
engineering calculation methods, as well as numerical methods, using the software packages “Frost 3D” 
and “Borey 3D”, widely applied in Russia for permafrost soils, are presented in [26]. Based on this work, it 
was concluded that for further improvement of calculation methods, an increase in their accuracy and 
further development, it is necessary to use them together with the field measurements. 

In particular, this research was aimed at computational studies of changes in soil temperature under 
a building with a ventilated basement, whose construction is planned on permafrost soils in Norilsk. In 
contrast to conventional projects, this project plans to locate a small part of the building directly on the 
ground. Data of laboratory studies of soil samples in the thawed and frozen state, taken from boreholes at 
the construction site, as well as the results of measuring soil temperatures at a depth of about 14 m, were 
used in calculations. Another objective set in this work was to consider the effect of soil moisture and 
associated phase transitions of pore moisture during freezing and thawing of the soil on the temperature 
distribution in permafrost soils in a long-term observation cycle. 

When constructing various industrial and residential facilities on permafrost soils, the problems 
associated with specific design solutions arise. So, this calculation study was started by the project for the 
construction of a multi-story residential building in Norilsk. The multi-story residential building, like many 
facilities in Norilsk, is supposed to be built with a ventilated basement to prevent thawing of the permafrost 
soil underneath it (Fig. 1), but the small elevator area compared to the total area of the building (Fig. 2) is 
located on reinforced concrete blocks installed directly on the ground. The floor of the elevator is insulated 
with a 200 mm thick layer of extruded polystyrene foam. Thus, the question about possible thawing of soil 
under the elevator arose. 



Magazine of Civil Engineering, 18(8), 2025 

 
Figure 1. Ventilated underground space of a residential building on permafrost soil. 

 
Figure 2. Floor framing plan of the 1st floor. 

It was decided to expand the question posed and consider the following set of tasks when performing 
computational studies: 

− to determine the natural temperature changes in the annual cycle over the soil depth and a 
temperature change under a ventilated basement in the conditions of Norilsk; 

− to determine the greatest depth of soil thawing under these conditions; 
− to find out the effect of phase transformations of moisture in the soil during cyclic processes of 

freezing and thawing on the temperature distribution in permafrost soil; 
− to determine the dynamics of changes in the distribution of soil temperature in different zones 

under a residential building with a ventilated underground and under an elevator located on 
reinforced concrete blocks installed directly on the ground. 

2. Methods 
The calculations were carried out using the software packages “Frost 3D” and “Borey 3D”, designed 

to perform non-stationary numerical thermal calculations in multilayer soils taking into account the 
processes of their freezing and thawing. The processes of heat distribution in the soil with phase 
transformations can be described by a differential equation written in the enthalpy form [27]: 

( ) ,H div gradT f∂
= λ× +

∂τ
                                                              (1) 

where ( ),H Tτ  is the enthalpy of unit volume of soil, τ  is time, T  is the soil temperature, ( )Tλ  is the 

coefficient of soil thermal conductivity, and ( )f τ  is the power of internal heat sources. 

Taking into account the phase transitions in the soil: 
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where ( )C T  is the volumetric heat capacity of soil, Q  is the heat of phase transition, ofT  is the 
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where fC  is the heat capacity of soil in frozen state, wW  is humidity due to unfrozen water, dfρ  is the 

density of dry soil, and L  is the specific heat of ice melting. 

The coefficient of soil thermal conductivity depends on temperature in the following manner: 
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where thλ  is the coefficient of thermal conductivity of thawed soil and effλ  is the coefficient of effective 

thermal conductivity of frozen soil. 
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−
                                                 (5) 

where fλ  is the coefficient of thermal conductivity of frozen soil, totW  is the total soil humidity, and wW λ  

is the humidity due to unfrozen water at determination temperature .fλ  

A change in the moisture content during soil freezing was taken into account in calculations 
depending on the soil type and its temperature, according to [28]. A decrease in the content of unfrozen 
moisture in the soil during its freezing depends on the type of soil. According to the degree of an increase 
in the proportion of unfrozen moisture in soils during freezing, the following sequence is observed: filled 
soil, sandy clay, clay loam, and clay (Fig. 3a). Peat should be singled out separately: usually it has higher 
moisture content and larger amount of unfrozen moisture at negative temperatures (Fig. 3b). 

 
a 

 
b 

Figure 3. A change in total soil moisture during freezing:  
a) 1 – filled soil, 2 – sandy clay, 3 – clay loam, 4 – clay; b) peat. 

The dependence of the amount of unfrozen water on soil temperature depends on the soil type and 
its temperature at onset of freezing .ofT  For soil temperatures ,ofT T>  a constant value of the amount 

of unfrozen water totW  was adopted. This value, like the freezing onset temperature ,ofT  was determined 

based on laboratory measurements for each soil type. For soil temperatures ,ofT T≤  the dependence of 

the amount of unfrozen water on temperature was determined in the software package as a calculation 
curve based on SP 25.13330.2025 and approximated as a function: 
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( ) ( ) ,wW T A B C T= + −                                                               (6) 

where ,A  B  and C  are the approximation parameters, T  is the soil temperature, °C. 

Thus, over the entire temperature range, the dependence of the amount of unfrozen water on the 
soil temperature was described by the expression: 

( ) ( )
,

.
,
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W T
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=

+ − ≤
                                                      (7) 

Solar radiation is one of the main factors influencing the soil temperature. Let us consider the 
radiation balance of the soil surface :R  

( )( )1 ,dir dif effR W W A l= + − −                                                           (8) 

where dirW  and difW  are the powers of direct and diffuse solar radiation reaching the soil surface, A  is 

the surface albedo, and effl  is the effective power of long-wave surface radiation [29]: 

( ) ( )2 3
.0 1 4 ;eff eff surl l c n T T T= − × + εσ −                                               (9) 

( )( )4 6
.0 0.39 0.058 133.32 6.973 10effl T e −= εσ − × ⋅  is the dependence of M.E. Berlyand,     (10) 

where .0effl  is the effective power of long-wave radiation of the surface without taking into account clouds, 

W/m2; ε  is the surface emissivity coefficient; σ  is the Stefan-Boltzmann constant; e  is the partial pressure 
of water vapor, Pa; n  is the cloud cover; and c  = 0.80 at 69 latitude. 

Let us determine the radiation balance of the Earth surface during the year in Norilsk using long-term 
observation data [30]. The data on distribution of the average power of total solar radiation falling on the 
surface (1), the surface albedo (2), and the average power of solar radiation absorbed by the surface taking 
into account its reflective properties (3) are shown in Fig. 4. According to the observations, the average 
monthly power of solar radiation in the summer in the conditions of Norilsk did not exceed 220 W/m2, and 
the power absorbed by the soil taking into account the surface albedo was less than 180 W/m2. 

The annual distribution of the effective long-wave radiation power of the surface under clear skies 

.0effI  taking into account the cloud cover according to data of [31] is shown in Fig. 5. In summer, the effect 

of the cloud cover has a smaller screening effect on long-wave cooling of the surface than in other periods 
of the year, and the effective long-wave radiation power of the surface exceeds 60 W/m2. 

 
Figure 4. Average power of total solar radiation: 1 – falling on the surface,  

3 – absorbed by the surface. 2 – albedo of the surface. 
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Figure 5. Average power of effective long-wave radiation of the surface: 1 – Ieff.0, 2 – Ieff. 
Let us determine the heat flux on the outer surface: 

,sur con evaQ R Q Q= + −                                                           (11) 

where conQ  is the convective heat flux over the surface, evaQ  is the heat flux from the soil surface 

associated with moisture evaporation, which can be approximately determined, ,evaQ mL=  where m  is 

the mass of precipitation per 1 m2 in the form of rain, and L  = 2.5×106 J/kg is the heat of water evaporation. 

The distribution of the average radiation balance during the year, as well as the radiation balance 
together with heat removal from the soil surface during moisture evaporation are shown in Fig. 6. According 
to the results presented, from May to August, the radiation balance is positive and leads to soil heating, 
and during the rest of the year, it is negative and causes soil cooling. 

 
Figure 6. Average values over the year: 1 – R, 2 – R – Qeva. 

 
Figure 7. Calculated correction to the average monthly air temperature. 

During calculations, the following heat flux was specified on the outer surface of the soil: 
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( ). . ,s sur s surQ k T T∗= −                                                           (12) 

where k  is the heat transfer coefficient taking into account a snow layer on the soil surface. 

( )1 1 ,con s sk d= α + λ                                                            (13) 

where conα  is the convective heat transfer coefficient taking into account the wind speed, sd  is the snow 

layer thickness [32], and sλ  is the thermal conductivity coefficient of snow, T ∗  is the effective air 
temperature taking into account the radiation balance and moisture evaporation from the soil surface: 

( ) .v v v eva conT T T T R Q∗ = + ∆ = + − α                                             (14) 

The resulting calculated correction to the average monthly air temperature vT∆  for the climatic 
conditions of Norilsk is shown in Fig. 7. In the summer months, when calculating soils, this correction 
increases the average monthly air temperature by up to 3 °C, and in the winter months, on the contrary, it 
decreases it by 1–2 °C. 

In calculations, a soil body with a thickness of 50 m was considered, and adiabatic conditions 
( )0Q =  were assumed on its lower surface, which is well confirmed by the results of the field 
measurements. 

To calculate the temperature change over the soil depth under different boundary conditions, the 
data on the soil composition and the thickness of soil layers were taken from the technical report on the 
results of engineering and geological surveys at the construction site of a multi-story residential building in 
Norilsk. A total of 10 boreholes were drilled at the construction site and soil samples were taken. The data 
from one of the boreholes with a description of soils, the depth and thickness of layers, and the distribution 
of soil temperature over the depth at the beginning of June 2023 are presented as an example in Fig. 8. 

 
Figure 8. Data for one of the boreholes. 

Based on the survey results, seven types of soils were identified. The soil temperature at a depth of 
14 m remained almost unchanged and was approximately –1.7 °C. The list of all soil types according to 
their location from the surface with indication of their thickness based on the results of averaging information 
from 10 boreholes is presented in Table 1. 
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Table 1. Types and average thickness of soil layers. 

Soil No. Description of soils Layer 
thickness, m 

1 Filled soil 1.49 
2 Peat, moderately decomposed 0.84 
   

3 Clay loam of layered cryogenic structure, frozen, non-saline 2.9 

4 Clay of layered cryogenic structure, frozen, non-saline, with inclusion of 
crushed stone 5.88 

5 Clay loam of layered cryogenic structure, frozen, with inclusion of crushed 
stone, non-saline 0.91 

6 Soil with crushed stones of layered cryogenic structure, frozen, non-saline with 
sandy loam filler 1.3 

7 Dolerite (basalt), slightly cracked, slightly weathered, medium strength below 
13.32 m 

 

Based on the results obtained in the specialized soil testing laboratory, the soil properties in the 
thawed and frozen state are summarized in Table 2, where . .d sρ  is the density of dry soil, fλ  and thλ  are 

the thermal conductivity coefficient of frozen and thawed soil, fc  and thc  are the volumetric heat capacity 

of frozen and thawed soil, W  is the soil moisture content, ofT  is the temperature at onset of freezing. 

Table 2. Soil properties. 
Soil 
No. ρd.s, kg/m3 λf, W/m2K λth, W/m2K 

сf,  
×10–6 J/kgK 

сth,  
×10–6 J/kgK 

W, % Tof, °С 

1 1800 1.88 1.76 2.32 3 17 0 
2 290 1.07 0.62 2.15 3.44 243 –0.2 
3 1450 1.63 1.47 2.23 3.07 21.6 –0.2 
4 1250 1.8 1.57 2.12 3.10 38.4 –0.25 
5 1550 1.66 1.50 2.29 3.12 26 –0.2 
6 1810 1.90 1.79 2.34 3.02 17.2 0 

 

The data on the types of soil layers, their average thickness and properties in the thawed and frozen 
state are used in further calculations to determine the temperature distribution over the depth of the soil 
under different boundary conditions on its surface. 

3. Results and Discussion 
At the initial stage, a change in the soil temperature under natural conditions in the annual cycle was 

calculated for the city of Norilsk. The boundary conditions on the outer surface of the soil were determined 
taking into account all the factors specified earlier for the climatic conditions of the city of Norilsk, given in 
Table 3. 

Table 3. Climatic Parameters. 

Month 
of the 
year 

Air 
temperature, 

ᵒC 

Wind 
speed, 

m/s 

Thickness 
of snow, 
×103, m 

Rainfall, 
×103, m 

Average total 
solar radiation 
power, W/m2 

Surface 
albedo 

Cloudine
ss 

1 –27.6 6 278 0 0.7 0.73 0.78 
2 –27.1 5.4 350 0 12.8 0.73 0.76 
3 –22.1 6 406 0 69.1 0.73 0.77 
4 –13.8 6.1 455 0 115 0.67 0.73 
5 –5.3 5.8 365 21.6 227 0.45 0.64 
6 6 5 0 57.8 212.2 0.16 0.58 
7 14 4.2 0 61.3 207 0.15 0.54 
8 10.4 4.1 0 60.4 140.4 0.17 0.63 
9 3.6 4.5 0 43 57.5 0.22 0.73 
10 –8.7 5.7 101 18.6 24.7 0.64 0.79 
11 –22.2 5.5 244 0 3 0.73 0.79 
12 –25.7 6.1 286 0 0 0.73 0.77 



Magazine of Civil Engineering, 18(8), 2025 

Calculations were carried out for a soil body 50 m thick. The types of soil layers and their thickness 
corresponded to Table 1, and the properties of soils in the thawed and frozen state corresponded to 
Table 2. The initial temperature distribution in the soil was assumed to be constant at –2 °C. The calculation 
began in mid-October and was performed for a period of 10 years; then, the temperature distribution across 
the soil thickness was compared with the initial value, and the next iteration of calculation was performed. 
The calculation was completed, and the regime of the soil temperature change was considered steady-
state at a maximum difference in temperature between the initial and final values of  
< 0.01 °C. On average, the calculation with reaching the steady-state regime covered a time period of about 
250 years. The flowchart of the calculation program is shown in Fig. 9. 

 
Figure 9. The flowchart of the calculation program. 

When reaching a steady-state regime of soil temperature change during the year, soil temperature 
profiles were determined for the middle of each month. The temperature distributions over the soil depth in 
February and July, obtained by calculations with average data of long-term measurements for these months 
in Norilsk, are compared in Fig. 10 [32]. To validate the calculation model quantitatively, the root mean 
square error (RMSE) between the calculated and average experimental temperatures in Fig. 10 was 
determined according to the relationship: 

2
exp

1 exp

1 ,
n calc

i

T T
RMSE

n T=

 −
=   

 
∑                                                 (15) 

where expT  is the measured temperature, calcT  is the calculated temperature, n  is the number of 

experimental points. 

The RMSE between the calculated temperatures and the long-term average experimental 
temperatures was 0.67 °C for February (Fig. 10a) and 1.68 °C for July (Fig. 10b). 

 
a 

 
b 

Figure 10. Comparison of temperature distribution under natural conditions:  
a) February, b) July; 1 – calculation, 2 – measurement data [32]. 
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The results of calculations of changes in distribution of soil temperature over the depth in different 
months of the year are shown in Fig. 11a. 

 
a 

 
b 

Figure 11. Distribution of soil temperature under natural conditions: a) by month: 1 – January,  
2 – March, 3 – May, 4 – July, 5 – September, 6 – November; b) September in detail. 

It is possible to distinguish the active soil layer, where the temperature changed during the year. If 
we conditionally take the soil layer, where the temperature change during the year is T∆  > 0.1 °C, as the 
active layer; then, according to calculations performed, the boundary of the active layer under natural 
conditions was at a depth of about 5 m. Below this depth, the soil temperature did not change during the 
year and it was –1.7 °C, which is in good agreement with the results of actual measurements in boreholes 
at the construction site of a multi-story residential building (see Fig. 8). 

The greatest depth of soil thawing (depth with soil temperature above 0 °C) under natural conditions, 
according to calculations, was observed in September, and it amounted to 1.25 m (Fig. 11b). 

The calculation complexes applied take into account the thermal effects associated with freezing and 
thawing of moisture contained in the soil, so it is of particular interest to clarify the influence of phase 
transitions on the temperature distribution in permafrost soils. For this purpose, temperature changes over 
the soil depth under natural conditions were calculated without taking into account phase transitions during 
freezing and thawing of moisture, which in practice corresponds to dry soils. 

The results of calculations without taking into account phase transitions are presented in Fig. 12. 

 
a 

 
b 

Figure 12. Distribution of temperature in the soil under natural conditions without phase 
transitions: a) by months: 1 – January, 2 – March, 3 – May, 4 – July, 5 – September,  

6 – November; b) September in detail. 
Under these calculation conditions, the depth of the active layer increased compared to Fig. 11a by 

more than twice up to 11 m, and the constant soil temperature at this depth of –6.8 °C decreased 
significantly. The greatest depth of soil thawing, as in the previous calculation, was observed in September, 
but it increased by 0.5 m and amounted to –1.8 m (Fig. 12b). 

Thus, the calculations showed that the moisture contained in the soil due to phase transitions during 
freezing and thawing of the soil has a screening effect, reducing the thickness of the active layer with soil 
temperature changes and the depth of soil thawing in the summer-autumn period, and prevents a general 
decrease in temperature in the deep soil layers. 

When constructing buildings on permafrost soils, the construction technology with the use of a 
ventilated basement seems to be very good in order to prevent soil thawing and maintain its bearing 
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capacity (Fig. 1). The change in distribution of soil temperature, when the upper boundary of soil is under 
the conditions of a ventilated basement of unlimited size, was calculated taking into account the climatic 
features of Norilsk. The initial temperature distribution in the soil was assumed to be constant at –2 °C. 

Unlike the previously considered case, when the soil was under natural conditions, the boundary 
condition on the outer surface of the soil was changed during the calculations: the absence of snow cover 
during the cold period of the year and changes in the radiation balance due to the shielding of direct solar 
radiation and effective long-wave radiation of the soil surface by the building were taken into account. 

The results of calculating the change in the distribution of soil temperature in the annual cycle under 
the conditions of a ventilated basement are presented in Fig. 13. 

 
Fig. 13. Temperature distribution in the soil during the year under conditions  

of a ventilated basement: 1 – January, 2 – February, 3 – March, 4 – April, 5 – May, 6 – June,  
7 – July, 8 – August, 9 – September, 10 – October, 11 – November, 12 – December. 

 
Figure 14. Comparison of the results of temperature distribution calculations in the soil  

in September: 1 – under natural conditions, 2 – under conditions of a ventilated basement. 
When analyzing the results, attention should be paid to two features of a change in the soil 

temperature distribution during the annual cycle. The first feature is a significant decrease in the soil 
temperature below the active layer to –10.1 °C compared to the temperature of –1.7 °C, obtained earlier 
for the soil under natural conditions (see Fig. 11a). The second feature is associated with an increase in 
the thickness of the active layer of the soil to 12 m compared to the thickness of the active layer of 5 m for 
the soil under natural conditions. However, despite an increase in the active layer thickness under 
conditions of a ventilated basement, taking into account the general cooling of the soil, the maximum depth 
of soil thawing in September even decreased compared to the depth of soil thawing under natural conditions 
and amounted to –1.1 m (Fig. 14). 

Thus, the absence of snow cover and direct solar radiation were the main factors that led to a 
decrease in the soil temperature under conditions of the ventilated basement of the building compared to 
the soil temperature under natural conditions and a decrease in the maximum depth of soil thawing in 
September. Therefore, when choosing the design of a ventilated basement, it is necessary to ensure that 
the soil surface in the ventilated basement is protected from solar radiation in the summer and is not covered 
with snow in the winter. Ventilated basement technology for the construction of multi-story buildings on 
permafrost soils has proven itself in practice and is becoming especially relevant in view of the observed 
global warming in northern regions. 

Let us consider the soil temperature under a residential building with a ventilated basement and an 
elevator located on reinforced concrete blocks installed directly on the ground. The plan of the 1st floor with 
the overall dimensions of the ventilated basement and the elevator is shown in Fig. 2. To calculate the soil 
temperature, a 50 m thick design section was selected. In the central area of its surface, there is a zone 
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with boundary conditions characteristic of a ventilated basement and a small section of the elevator 
(Fig. 15). 

 
Figure 15. Design section. 

In the calculations, it was assumed that the air temperature in the elevator during the heating season 
was 5 °C, and without heating, the air temperature there was equal to the air temperature outside. The 
surface area around the building in the figure, highlighted in yellow, corresponded to the soil surface under 
natural conditions; the length of this section from each side of the building was 15 m. Thus, on the outer 
surface of the soil, 3 sections with different boundary conditions were identified, while the distribution of soil 
temperature over the depth was determined at the center of each of these sections. The distribution of the 
initial soil temperature over the depth in calculations was taken as the temperature distribution obtained 
under natural conditions. 

The distribution of soil temperature in September under a ventilated basement, under an elevator 
and in a section of soil directly next to the building under natural conditions after 1 year, 5 years, 30 years, 
and 250 years (the time required to reach a steady state in the annual cycle) from the start of the calculation 
is presented in Fig. 16.  

 
a 

 
b 

 
c 

 
d 

Figure 16. Temperature change in the soil depth after: a) 1 year, b) 5 years, c) 30 years,  
d) 250 years; 1 – under a ventilated basement, 2 – under an elevator, 3 – near a building. 
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According to the calculations, after 5 years, the lowest soil temperature was obtained under the 
ventilated basement, slightly higher temperature was obtained under the elevator, and the highest 
temperature was obtained near the building. The soil temperatures under all the considered areas 
converged gradually with increasing soil depth and reached a constant value. The soil temperature at a 
depth of 50 m after 5 years did not change and was equal to –1.7 °C, which corresponded to the 
temperature below the active layer for soil under natural conditions (Fig. 16a). After 30 years, a noticeable 
decrease in temperature was observed throughout the entire depth of the calculated area (Fig. 16c), and 
after 250 years, the temperature stabilized at a depth of 50 m with a soil temperature of –3.7 °C (Fig. 16d). 

To determine the maximum depth of soil thawing, let us consider the temperature distribution in the 
surface layers of the soil in September with an established annual cycle of soil temperature change 
(Fig. 17). 

 
Fig. 17. Determination of the maximum depth of soil thawing: 1 – under a ventilated basement,  

2 – under an elevator, 3 – near a building. 
The calculation results show that the depth of soil thawing near the building was –1.25 m, under the 

ventilated basement, it was –1.1 m, and the smallest depth of soil thawing was obtained under the elevator: 
it was –0.6 m, which is associated, on the one hand, with good insulation of the elevator floor, and, on the 
other hand, with inertial thermal processes occurring in the soil. 

Thus, the calculations performed showed that in multi-story buildings with ventilated basements, 
constructed in regions with permafrost soils, individual structural elements can be located directly on the 
ground surface. This will not cause additional soil thawing underneath them; however, in each specific case 
this should be confirmed by special calculations. When calculating, it is necessary to consider the thermal 
conditions in the rooms above the structural elements located on the ground, the ratio of the areas of the 
ventilated basement to the foundation of the structure, and additional insulation from the ground surface. It 
should be noted that the optimal location for such structures is the central zone of the ventilated basement. 

4. Conclusions 
The performed calculations of changes in soil temperature during the annual cycle in the climatic 

conditions of Norilsk using data on the types and thicknesses of soil layers obtained from boreholes, as 
well as on the basis of the characteristics of soil samples in thawed and frozen states, allowed us to draw 
the following conclusions: 

1. The radiation balance for Norilsk conditions from May to August is positive and leads to soil heating, 
and for the rest of the year, it is negative and leads to its cooling. The radiation balance and 
evaporation of moisture from the soil surface, when calculating its temperature, can be taken into 
account through a correction to the average monthly air temperature. In the summer months, this 
correction increases the average monthly air temperature to 3 °C, and in the winter months, on the 
contrary, it decreases the air temperature by 1–2 °C. 

2. In the natural climatic conditions of Norilsk, the greatest thawing of the soil is observed in 
September, and the maximum depth of soil thawing is –1.25 m. 

3. A decrease in the moisture content of the surface layers of soil is shown by a decrease in the 
influence of phase transitions on the thermal-inertial properties of the soil, which leads to an 
increase in the thickness of the active soil layer, where annual temperature fluctuations occur, to 
an increase in the depth of soil thawing in the summer-autumn period, and to a decrease in soil 
temperature below the active layer. 

4. The absence of snow cover and direct solar radiation are factors that lead to a significant decrease 
in the temperature of soil under the ventilated basement of a multi-story residential building 
compared to natural conditions and a decrease in the maximum thawing depth in September to  
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–1.1 m. When selecting a ventilated basement design, it is important to ensure that the soil surface 
within the ventilated basement is protected from solar radiation in the summer and is not covered 
by snow in the winter. 

5. For multi-story buildings with ventilated basements, individual structural elements, when insulating 
them, can be placed directly on the ground surface, without additional thawing of the soil 
underneath them. However, in this case, the absence of additional soil thawing must be confirmed 
by a thermal engineering calculation taking into account the thermal conditions in the rooms above 
the structural elements, the area ratio of the ventilated basement to the structure foundation, and 
their additional insulation from the ground surface. It should be noted that the optimal location for 
such structures is the central zone of the ventilated basement. 
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