
Temperature Field Distribution and Thermal Stability of Roadbed in Permafrost Regions 

Youkun Cheng1,2*, Zhenwu Shi2, Fajin Zu3 

1 College of Civil Engineering and Architecture, Harbin University of Science and Technology, Harbin 150080, China 
2 College of Civil Engineering, Northeast Forestry University, Harbin 150040, China 
3 Heilongjiang Provincial Institute of Subway and Design for Highway, Harbin 150080, China 

Corresponding Author Email: chengyoukun@126.com

https://doi.org/10.18280/ijht.390127 ABSTRACT 

Received: 17 September 2020 

Accepted: 8 December 2020 

Many highways and railways in western China are built on permafrost roadbed. Frost heave 

and thaw settlement might cause diseases to frozen soil roadbed, such as deformation and 

cracking. For long-term operation, frozen soil roadbed should be kept stable and durable. 

Therefore, this paper analyzes the distribution law of temperature field of roadbed in 

permafrost regions, under the effect of thermal stability. Based on the thermodynamic 

properties of permafrost, the authors analyzed the influence of engineering geological 

factors, roadbed structural factors, and natural environmental factors on the thermal 

stability of frozen soil roadbed. Next, the antifreeze mechanism of frozen soil roadbed was 

described, together with the calculation methods for the relevant parameters. Afterwards, 

the temperature field of the roadbed with low thermal conductivity insulation material was 

analyzed by two methods, namely, steady-state thermal analysis and transient thermal 

analysis, and the solving process of roadbed temperature field was explained in details. 

The proposed analysis method and solving algorithm were proved valid through 

experiments. The research results provide a reference for the reasonable design of frozen 

soil roadbed. 
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1. INTRODUCTION

As the main bearing structure of traffic load, frozen soil 

roadbed is the foundation of highways and railways in western 

China [1-6]. Frost heave and thaw settlement might cause 

diseases to frozen soil roadbed, such as deformation and 

cracking. For long-term operation, frozen soil roadbed should 

be kept stable and durable. Therefore, the design and 

construction of frozen soil roadbed must fully consider the 

natural conditions, as well as the feasibility of construction, 

operation, and maintenance [7-11]. The strength and stability 

of roadbed should be analyzed in the light of uncertain factors 

like temperature, stress, and material complexity. The analysis 

results help to evaluate the feasibility, reliability, and disease 

probability of frozen soil roadbed [12-17]. 

In long-term operation, frozen soil highways often suffer 

from subsidence, cracking, and other diseases [15-18]. The 

existing studies mainly analyze the temperature field of each 

level of highway, failing to fully consider the water migration 

of the roadbed [19-23]. Komaravolu et al. [24] created an 

accurate roadbed section model based on COMSOL, discussed 

the influence of width, slope, and height on roadbed 

temperature distribution under separate and integrated layouts, 

and concluded that the main influencing factors are slope and 

width under the two layouts. Focusing on the asymmetric 

roadbed with retaining wall, Kumar and Panwar [25] 

conducted finite-element simulation of the change laws for the 

temperature field and frost heaving force before and after the 

installation of insulation board, evaluated the lateral 

displacement of the retaining wall and the horizontal 

displacement on the top of the roadbed, and proposed effective 

antifreeze measures based on the test results. 

Mastering the temperature field distribution of permafrost 

foundations is the basis for the infrastructure design and 

construction [20-26]. In view of the construction requirements 

on the runway width and height of the frozen soil airport, 

Ikeagwuani and Nwonu [27] carried out Abaqus finite-element 

analysis on the change law of roadbed temperature field for 

airport runway, under different width, runway types, local 

environments, and climates, and constructed a calculation 

model for airport runway roadbed with thermal insulation 

layer. Mishra et al. [28] summarized the thermodynamic 

differences between frozen soil and non-frozen soil, analyzed 

the thermal stability of the roadbed and the displacement 

variation of weak parts during the freeze-thaw cycle, and 

simulated the roadbed deformation induced by frost heave and 

thaw settlement by applying deformation loads; further, the 

stress and displacement of three typical pavement structures 

were tested under different frost heave and thaw settlement 

conditions, and several suggestions were provided for the 

design of frozen soil roadbed. 

After summing up the change features and trends of frozen 

soil and heat pipe roadbeds with ordinary fill under different 

temperatures, Tavakol et al. [29] established a three-

dimensional (3D) numerical calculation model for the 

temperature field of the subsoil layer in the roadbed, 

considering the thermal difference between sunny and shady 

slopes, constructed a coupled model of temperature field and 

seepage field of frozen soil culvert under the seepage effect 

that deepens the seasonal melting depth of the culvert 

foundation soil, and analyzed the thermal stability of the 

roadbed under the influence of culvert. For the closed roadbed 
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structure with thermal insulation and water-proof materials, 

Ikeagwuani et al. [30] carried out finite-element simulation of 

the temperature field, the water field, and the displacement 

field on the existing water-heat-mechanical coupling model, 

examined the hydrothermal stability and deformation features 

of the roadbed under different buried depths of thermal 

insulation and water-proof materials, and concluded the water 

redistribution and deformation law of the closed roadbed 

during the freezing and thawing process. 

The thermal performance of an object can be directly 

evaluated by professional thermal indices. However, the 

existing studies have not corrected the changing eigenvalues 

of the thermal conductivity and specific heat capacity of the 

frozen soil roadbed in the frozen and melt states; neither have 

they explored the staged features of the temperature field and 

displacement deformation for frozen soil roadbed, after 

analyzing the factors affecting the thermal stability of the 

roadbed.  

To solve the problems, this paper firstly describes the 

thermodynamic properties of permafrost, and then analyzes 

the influence of engineering geological factors, roadbed 

structural factors, and natural environmental factors on the 

thermal stability of frozen soil roadbed. Next, the authors 

introduced the antifreeze mechanism of frozen soil roadbed, 

analyzed the temperature field of the roadbed with low thermal 

conductivity insulation material by two methods, namely, 

steady-state thermal analysis and transient thermal analysis, 

and detailed the solving process of roadbed temperature field. 

The proposed analysis method and solving algorithm were 

proved valid through experiments.  

 

 

2. THERMAL STABILITY ANALYSIS  

 

2.1 Thermodynamic properties of permafrost 

 

The thermal stability of frozen soil roadbed is greatly 

affected by conditions like surface temperature, soil structure 

and properties, and water content. The influence of these 

conditions on the thermal stability of frozen soil roadbed is 

mediated by the thermal properties (e.g., specific heat capacity, 

thermal conductivity, thermal diffusivity, and latent heat of 

phase change) and mechanical properties (e.g., compressive 

strength, and bending strength) of the frozen soil. 

The heat storage capacity of frozen soil can be characterized 

by the specific heat D and volume heat capacity DRP. Let M be 

the total mass of frozen soil; DDT, Dj, and DWD be the specific 

heats of soil skeleton, ice, and unfrozen water in frozen soil, 

respectively; mDT, mj, and mWD be the masses of soil skeleton, 

ice, and unfrozen water in frozen soil, respectively. Without 

considering the pores in the soil, the specific heat of frozen soil 

can be calculated by: 

 

( )DT DT j j WD WD
D D m D m D m / M

 = + +  (1) 

 
Let ρTJ, ρTG, ψ, and ψWD be the volume density, dry density, 

total water content, and unfrozen water content of frozen soil, 

respectively. Then, the relationship between these four 

parameters can be expressed by: 

 

( )
Rp TJ

DT j WD WD WD TG

D D

D D ψ ψ D ψ





=  =

 + − + 
 (2) 

 

The specific heat of the soil is greatly affected by the 

structure and properties of frozen soil. Table 1 shows the mean 

specific heats of different roadbed fill skeletons, including clay, 

gravel, gravelly loam, sandy loam, loam, turf loam, sandy 

gravelly soil, and peat soil. This paper takes the specific heat 

W of soil skeleton, i.e., that of soil particles, as the specific heat 

D* of frozen soil. Let μ, βDW, w, and dG/ds be the thermal 

conductivity coefficient, thermal diffusivity coefficient, heat 

flux, and ground temperature gradient, respectively, all of 

which can characterize the thermal conductivity of soil. When 

the cross-sectional area of frozen soil is S, the heat conduction 

W per unit time can be calculated by: 

 

 

Table 1. Mean specific heats of different roadbed fill skeletons 

 
Fill type A1 A2 A3 A4 A5 A6 A7 A8 

Melt 1.32 1.54 1.00 0.83 0.83 0.83 0.76 
1.89 (high level) 

1.35 (low level) 

Frozen 0.94 0.98 0.87 0.78 0.76 0.74 0.72 / 

 

dG W dG
W μS w μ

ds S ds
=  = =  (3) 

 

Formula (3) indicates that μ and βDW represent the heat 

conduction capacity in frozen soil and the change ability of 

soil temperature, respectively. The faster the soil temperature 

changes, the larger the βDW value. The relationship between μ 

and βDW can be defined as:  

 

RP DW
μ vD =   (4) 

 

The high temperature sensitivity of frozen soil is resulted 

from the fact that the thermal conductivity of ice is much larger 

than that of water. This property further intensifies soil 

degradation. Phase change occurs between solid ice and liquid 

water. The heat absorbed or released during the process is 

called the latent heat of phase change K, which has a great 

impact on the ground temperature change of frozen soil 

roadbed. Let K* be the latent heat of water. Then, the K value 

can be calculated by: 

 

( )*

TG WD
K K ψ ψ= −  (5) 

 

Formula (5) shows that, as a volume latent heat, the K value 

depends on the difference between the total water content and 

the unfrozen water content of frozen soil. To acquire the 

compressive and bending strengths of permafrost, an 

unconfined test of frozen soil roadbed was carried out at -5℃, 

-10℃, and -15℃, using frozen soil samples from permafrost 

road sections. 

Figure 1 shows the stress-strain curves of frozen soil 

samples, and Table 2 records the results of bending strength 

test on roadbed. The test results indicate that the content of 

unfrozen water in frozen soil and the strength of cemented ice 
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are greatly affected by temperature. With the decrease of 

temperature, compressive and bending strengths of frozen soil 

were greatly enhanced, while the plasticity of the soil plunged. 

Hence, three properties of frozen soil increased at the same 

time: strength, temperature dependence, and proneness to 

brittle failure.  

 

  
(a) Road section 1                                                  (b) Road section 2 

 

Figure 1. Stress-strain curves of frozen soil samples 

 

Table 2. Results of bending strength test on roadbed 

 
Fill type Mean ρTJ Mean λ TC Sample size Mean compressive strength Mean bending strength 

A1 

1,135 26.59 -6 50.6×50.1×90.1 1.28 1.32 

1,469 25.14 -12 50.2×50.3×92.7 5.76 2.72 

1,671 23.25 -18 50.5×50.7×90.8 7.36 3.64 

A2 

1,836 9.65 -6 52.3×50.1×90.8 2.59 1.08 

1,649 11.57 -12 50.2×50.3×91.3 7.61 1.98 

1,427 10.36 -18 48.9×50.6×90.6 9.23 2.37 

 

Table 3. Influence of ice content in soil on the thermal stability of roadbed 

 
Level 1 2 3 4 5 

Thaw settlement None Weak General  Strong Extra strong 

Freeze heave None Weak General  Strong 

Ice content A few  Slightly many Strongly many Extremely many 

 

2.2 Analysis of factors affecting thermal stability 

 

2.2.1 Engineering geological factors 

The upper limit of permafrost is an important factor 

affecting the thermal stability of roadbed, because the vertical 

distance between it and the active layer of roadbed directly 

bears on the ability of frozen soil to resist external thermal 

disturbances. Let h and γYS be the thaw deformation and 

compression coefficient of frozen soil, respectively; rDT and 

rRH be the void ratios of frozen soil in frozen and melt states, 

respectively; sDT and sRH be the soil layer thicknesses of frozen 

soil in frozen and melt states, respectively; ∆ζ be the increment 

in active layer stress. When the active layer of the roadbed 

undergoes a phase change from frozen state to melt state, the 

relationship of h with h, sDT and sRH can be expressed as: 

 

( ) Δ
1

DT DT RH YS RH

DT

s r r s
h

r

 − +
=

+
 (6) 

 

Formula (6) shows that the thickness of the roadbed active 

layer increases with its vertical distance to the upper limit 

position of the permafrost. If the active layer undergoes a 

phase change from frozen state to melt state, the h value will 

be relatively large, undermining the thermal stability of 

roadbed. 

In permafrost regions, when the ice content of roadbed soil 

increases, the roadbed will be more likely to suffer from 

diseases. Table 3 above presents the influence of ice content 

in soil on the thermal stability of roadbed. The impact of ice 

content on roadbed stability is mainly reflected in three aspects: 

the impact on the mechanical properties of frozen soil, the 

impact on the ground temperature environment, and the impact 

on water migration.  

The main reason for the thaw settlement of frozen soil 

roadbed lies in the water damage caused by the excessive 

water content. For permafrost, the phase change from frozen 

state to melt state is already in a dynamic equilibrium. The 

total water content of roadbed is weakly correlated with the 

frost heave rate of the roadbed, but strongly correlated with the 

ice content and thaw settlement properties of the roadbed. Let 

kl be the correlation coefficient; λ0 be the water content at 

initial thaw settlement. Then, the relationship between the 

thaw settlement coefficient Φ of frozen soil at levels 1-5 of 

thaw settlement and total water content λ can be expressed as: 

 

( )0l   = −  (7) 
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where, Φ and λ are linearly and positively correlated with each 

other. If λ is greater than λ0, Φ will increase with λ, and the 

frozen soil roadbed will suffer from greater thaw settlement.  

 

2.2.2 Roadbed structural factors 

To stabilize frozen soil roadbed and control the probability 

of roadbed diseases, it is necessary to limit the critical height 

of the roadbed. Let ∆g be the operating time of the highway; 

TC be the reasonable height calculated for roadbed; N be the 

correction coefficient of the frozen soil type; μWD and H be the 

thermal conductivity coefficient and compressive settlement 

of the subgrade fill in melt state, respectively. Then, the design 

critical height TH for a new roadbed can be calculated by: 

 

0.52
H WD C

T Nμ T H= +  (8) 

 

where, TC can be calculated by: 

 

0.05Δ 0.02 42.86
C

T g b= − +  (9) 

 

In addition, route direction, pavement type, and foundation 

treatment also greatly affect the thermal stability of permafrost 

roadbed. Table 4 shows the impact of road direction on the 

incidence of roadbed diseases. On the north-south highway, 

the temperature of the roadbed is basically symmetrically 

distributed along the centerline, and the aspect factor has a 

negligeable impact. For highways in other directions, the 

aspect impact must be considered.  

Asphalt pavement has a strong heat absorption effect. If it 

serves as the roadbed, the annual heat absorption will be much 

greater than the annual heat output. By contrast, cement 

pavement is relatively weak in heat absorption, sensitive to 

roadbed deformation, and high in strength. 

Considering the thermal effect of the roadbed, compressive 

and bending strengths, and the feasibility of roadbed 

maintenance, materials with high heat reflectivity and small 

thermal conductivity should be selected in the design phase for 

the surface layer and structural layer of roadbed, in order to 

further enhance the thermal stability of the roadbed and 

effectively reduce the heat transferred from the pavement to 

the roadbed. 

 

Table 4. Influence of highway direction on the incidence of 

roadbed diseases 

 
Name of 

highway 

Route 

length 

Highway 

direction 
Aspect 

Disease 

incidence 

NT 354 North-south 
East 2.31 

West 3.26 

RN 136 West-east 
South 4.49 

North 3.47 

 

2.2.3 Natural environmental factors 

Solar radiation is the main method of heat exchange 

between the edge of the roadbed and the surrounding air. The 

amount of solar radiation has a major impact on the 

temperature changes of the road pavement and the shallow soil 

of the roadbed. Let C be the heat inflow to the ground; CD and 

CGD be the direct solar radiation and scattered radiation, 

respectively; βFS be the reflectivity of the ground; CFN be the 

effective radiation of the ground. By the physical principles of 

frozen soil, the roadbed radiation-heat balance in the current 

year can be described by: 

 

( )( )1
D GD FS FN

C C C C= + − −  (10) 

 

The dynamic change of frozen soil hinges on the radiation-

heat balance structure in formula (10). In summer, CFN is much 

smaller than the absorbed radiation (CD+CFN)(1-βFS), and C is 

positive. In winter, CFN is greater than (CD+CFN)(1-βFS), and C 

is negative, owing to the limited solar radiation and the 

reflection of ice and snow on sunlight.  

Let CS and CW be the heat inflows to the ground in the 

summer half year and winter half year, respectively. Then, the 

thermal stability of the frozen soil roadbed mainly depends on 

the relationship between CS and CW: If CS≤CW, the mean 

temperature of frozen soil is not easy to change in the current 

year, and the roadbed has a high thermal stability; If CS>CW, 

the mean temperature of frozen soil will increase in the current 

year, and the strength of frozen soil will degenerate. 

Air temperature also affects the stability of frozen soil 

roadbed during freezing and thawing. The seasonal variation 

in air temperature brings changes to the temperature of frozen 

soil, which in turn alters the upper limit position, ice content 

and active layer thickness.  

The stability of frozen soil roadbed is also influenced by 

rain and snow. The former mainly adjusts temperature, while 

the latter is a mixed blessing: on the upside, snow protects the 

roadbed by hindering its heat exchange with the outside; on 

the downside, snow increases the water content in the roadbed 

when it melts. 

In addition, the wind strength and frequency in permafrost 

regions directly affect the heat exchange between the edge of 

the roadbed and the outside, and the evaporation of water. 

 

 

3 ANTIFREEZE MECHANISM AND TEMPERATURE 

FIELD OF FROZEN SOIL ROADBED 

 

3.1 Determination of antifreeze mechanism and related 

parameters 

 

 
(a) Heat conduction  

 
(b) Heat convection 

 

Figure 2. Heat conduction and convection of frozen soil 

roadbed 
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Figure 2 illustrates heat conduction and heat convection of 

frozen soil roadbed. It can be seen that placing a low thermal 

conductivity insulation material can effectively prevent 

external heat from entering the lower soil layer of the frozen 

soil roadbed. This anti-freeze measure is good at alleviating 

frost heave and the ensuing uneven deformation of the roadbed. 

It is highly practical and suitable for permafrost regions and 

seasonal frozen regions.  

Currently, the common industrial thermal insulation 

materials include polystyrene foam board, new extruded 

polystyrene board, and polyurethane. The greater the thickness 

of the thermal insulation layer, the better the anti-freeze effect. 

Let η be the thickness of the thermal insulation layer; ∆s be the 

target decrement of freezing depth; μ0 and μ1 be the thermal 

conductivity coefficients of the roadbed soil and the thermal 

insulation layer, respectively; L be the correction coefficient. 

Then, the η value can be calculated by: 

 

0

1

Δ

1

L sη
μ
μ


=

−
 

(11) 

 

To evaluate the thermal conductivity and model the 

temperature field of roadbed material, it is critical to capture 

its parameters like unfrozen water content and freezing 

temperature. At present, the content of unfrozen water in 

frozen soil is mostly measured by two methods: the 

calorimetric method that measures the thermal energy 

absorbed by ice crystals in frozen soil as they melt, and the 

temperature measurement by nuclear magnetic resonance 

(NMR) analyzer, which measures the free induction 

attenuation of hydrogen nuclei in the magnetic field.  

Let q0 be the initial water content of the sample; qWD be the 

unfrozen water content; B be the signal intensity measured at 

negative temperature δ; B1 be the signal intensity measured at 

positive temperature δ; α1 and α2 be empirical coefficients. 

Then, qWD value can be calculated by:   

 

0

1 1 2

1

WD

q B
q ,B

B
  = = +  (12) 

 

Formula (12) shows that qWD depends on the ratio of 

measured signal intensity to calculated signal intensity. Let NT 

be the absolute value of negative temperature. Then, the 

dynamic equilibrium relationship between qWD and negative 

temperature can be given by:  

 
2

1WD
q NT

 −=  (13) 

 

The double logarithmic curve of formula (13) is a straight 

line. Taking q0 of the frozen soil sample as the abscissa of the 

starting point, and the initial freezing temperature gDT as the 

ordinate: 

2

1 2, 0 WD

0 DT

DT

lnq lnq
q g

lnNT lng

 
−

= =
−

 (14) 

 

If q0 and gDT are both known, it is only necessary to 

determine the parameter α2 based on the initial freezing 

temperatures under two different initial water contents. In this 

paper, thermocouple and digital voltmeter are used to capture 

the gDT value of the frozen soil sample. Let gDT be the initial 

freezing temperature; E be the thermocouple signal recorded 

by the digital voltmeter; U be the thermocouple calibration 

coefficient. Then, gDT can be calculated by: 
 

DT
g E U=   (15) 

 

3.2 Principle of solving roadbed temperature field 

 

 
 

Figure 3. Freezing curve of frozen soil 

 

Figure 3 shows the freezing curve of frozen soil. It can be 

inferred that, with the elapse of time, the frozen soil 

temperature gradually decreased. The decrease could be 

divided into three phases: dropping below zero, sudden rise 

and stabilization, and falling again. Thus, the temperature of 

the frozen soil roadbed changes with time. The temperature 

field of roadbed needs to be investigated by two methods: 

steady-state thermal analysis and transient thermal analysis. 

During the engineering process, the frozen soil roadbed is 

in a thermally stable state, that is, the sum of the heat passing 

through a certain section of roadbed in any unit time period is 

zero. In other words, the energy released by the frozen soil 

roadbed remains equal to the sum of the energy absorbed from 

the surrounding environment or sunlight and the energy 

generated by the internal phase change. 

Let [HT] be the heat transfer matrix of different elements 

determined by the thermal parameters like μ and βDW; {TC} 

and {HF} be the temperature eigenvector and heat flow rate 

vector at each test point in the frozen soil roadbed, respectively. 

Then, the energy balance equation of steady-state thermal 

analysis can be expressed by: 

 

    HT TC HF=  (16) 

 

The load, temperature, and convection of the frozen soil 

roadbed change dynamically under the transient heat 

conduction state. Let [HC] be the specific heat capacity matrix, 

and {TC’} be the derivative of temperature with respect to 

time, under the transient heat conduction state, respectively. 

Then, the energy balance equation of transient state thermal 

analysis can be expressed by: 

 

       HC TC HT TC HF + =  (17) 

 

Let τ be the duration of the entire process. Then, the above 

parameters can all be written in the form of [HC(τ)], [HT(τ)], 
and {HF(τ)}. The time-varying state of each parameter can be 

obtained by substituting the corresponding parameter into the 

right formula. 
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During engineering, the structure of the frozen soil roadbed 

can be likened to a two-dimensional (2D) strip. Hence, the 

model of frozen soil roadbed can be simply treated as a plane 

problem. Let TC be the transient temperature of the roadbed 

soil; DS be the specific heat capacity of the soil at constant 

pressure; HSIS be the internal heat source intensity of the soil; 

a and b be the rectangular coordinates; SPRH be the solid phase 

ratio. After the thermal correction of the phase change from 

frozen state to melt state, the governing equation for the non-

steady state energy transfer on the plane can be updated as: 

 

TJ S

RH

S TJ

TC TC
D

a a

SPTC
HSI K

b b

 


 


   =     
  + + +    

 (18) 

 

This paper aims to construct the basic equation of finite-

element calculation for the temperature field of frozen soil 

roadbed during the phase change from frozen state to melt 

state. The finite-element transform can be described as: 

 

( )
2 2

2 2

0

S

RH

TJ TJ S

TC TC
F TC a,b, HSI

a a

SP TC
LH D

 

 
 

  
= + +       

 
+ − =

 

 (19) 

 

The above formula is completed by the Galerkin method of 

the weighted residual method. To simplify the solution to the 

partial differential equation of the temperature field, this paper 

also introduces the weighted residual method and the 

functional analysis method to process the equation. Let TC1, 

TC2 ,…,TCm be the undetermined coefficients. The formula of 

weighted residual method can be defined as: 
 

[ ( , , )] 0
k
F TC a b da 


=   (20) 

 

where, TC(a, b, τ) can be written in the form of an 

undetermined coefficient:  

 

( ) ( )1 2 m
TC a,b, TC a,b, ,TC ,TC ,...,TC =  (21) 

 

Let Γ be the domain of definition, and ωk be the weighting 

function of the plane temperature field, respectively. 

Combining formulas (21) and (19): 
 

2 2

0
S S2 2

k

RH

S S S

TC TC
HSI

a a
dadb

SP TC
LH D




 
 



   
+ +      =

  
+ − 

  

  (22) 

 

where, ωk can be defined as:  
 

k

j

TC

TC
 

=


 (23) 

 

The two continuous functions on the domain Γ and the 

boundary σ are defined as A(a,b) and B(a,b), respectively. 

Then, the Green’s formula (24) is introduced to correlate the 
surface integration in Γ with the linear integral on σ. In this 

way, the boundary condition of function TC(a, b, τ) can be 

obtained as: 
 

( )
σ

b A
dadb Ada Bdb

a b

  − = +      (24) 

 

Combining the transformed form of formula (22) with 

formula (24), the basic equation for the finite-element 

calculation of the plane temperature field of the frozen soil 

roadbed in the phase change from frozen state to melt state can 

be established as: 

 

0

k k

S

RH

S k S k

j

S k S

S k

σ

TC TC

a a b b

SPO
HSI LH

TC

TC
D

G
dadb dh

m

 


  


 


 





      +  −       
 

−   
 +  


− =







 (25) 

 

Let ε be the boundary condition of the frozen soil roadbed; 

TC0 and TC(a, b, σ, τ) be the fixed temperature and the 

corresponding temperature expression, respectively. Then, the 

first type of boundary condition for frozen soil roadbed with 

the boundary condition of TC0 or TC(a, b, σ, τ) can be 

established as: 

 

( )0TC TC ,TC TC a,b, ,
 

 = =  (26) 

 

Let HF and HF(a, b, σ, τ) be the fixed heat flux density on 

the boundary of a frozen soil roadbed and its expression, 

respectively. Then, the second type of boundary condition for 

frozen soil roadbed with the boundary condition of HF or 

HF(a, b, σ, τ) can be established as: 

 

( )

S S

TC TC
HF,

m m

HF a,b, ,

 

 

 

 
− = −−

 

=

 (27) 

 

Let TCSP and υ be the temperature of a heat transfer roadbed 

filler and its heat transfer coefficient with frozen soil, 

respectively. Then, the third type of boundary condition for 

frozen soil roadbed with the boundary condition of TCSP and υ 

can be established as: 

 

( )S SP

TC
TC -TC

m 


 
− =


 (28) 

 

 

4. EXPERIMENTS AND RESULTS ANALYSIS 

 

To verify the effectiveness of our method in analyzing the 

thermal stability and temperature field of frozen soil roadbed, 

the authors tested the temperature field of the road bed, as well 

as vertical and lateral displacements on multiple layers. The 

vertical and lateral layered displacement tests consider the 

vertical displacement of several key nodes on the cross-section, 

and their lateral displacements at road shoulder and slope toe. 
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Figure 4 shows the displacement field and measurement points 

of the frozen soil roadbed. The temperature measuring points 

were arranged at an interval of 0.4m at the centerline, road 

shoulder, and slope toe on the fill layer, active layer, and upper 

limit of frozen soil layer, respectively; the measuring points 

for vertical displacement were deployed at the centerline and 

shoulder of roadbed, and those for lateral displacement at the 

shoulder and slope toe. 
 

Centerline

Y

Fill layer

Active layer

Frozen soil 

layer

Slope toe

Upper limit of 

frozen soil layer

Shoulder

2×Slope height

(0,0) X
 

 

Figure 4. Displacement field and measurement points of the frozen soil roadbed 
 

The surface humidity changes relatively significantly at the 

shoulder and slope toe of the frozen soil roadbed, exerting a 

major impact on the roadbed temperature. Meanwhile, the 

boundary condition at the centerline on the top surface varies 

slightly, with a limited impact on ground temperature. This 

paper chooses the test the centerline temperature on the 

roadbed cross-section of different test road sections. 

 

  
(a) Road section 1 

 
(a) Road section 2 

 

Figure 5. Measured roadbed temperature at centerline in the 

current year 

Figure 5 presents the roadbed temperature measured on the 

fill layer 1, active layer 2, and upper limit of frozen soil layer 

3 in the current year. Obviously, different soil layers exhibited 

the same change law of temperature. Under the effect of 

external temperature or sunlight, the fill layer had the largest 

temperature change range. In the other two layers, the 

temperature remained relatively stable, due to the deep depth.  

 

 
(a) Road section 1 

 
(b) Road section 2 

 

Figure 6. Measured vertical displacement at centerline in the 

current year 
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In the current year, the measured roadbed temperature 

curves at centerline can be divided into several obvious stages: 

Before April, the roadbed was continuously frozen, and its 

temperature gradually decreased in the negative range; 

Starting from May, the roadbed changed from frozen state to 

melt sate, and its temperature gradually increased; After 

October, the roadbed was frozen again, and its temperature 

dropped below zero once more. 

The large difference between the curves of different cross-

sections comes from the regional difference in ice content and 

frozen soil layer depth. The same was observed in Figures 6 

and 7. 

Figure 6 shows the measured vertical displacement at 

centerline in the current year. Similar to the curves in Figure 

5, the vertical displacement curves can be divided into several 

clear stages: Before April, the roadbed was continuously 

frozen, some soil layers with low groundwater level 

experienced frost heave, and the vertical displacement tended 

to develop upward; After May, the roadbed changed from 

frozen state to melt sate, the temperature rose back to above 

zero, and the vertical displacement developed quickly, but at 

an increasingly slow rate. The different soil layers had similar 

temperature change law, and basically the same trend of 

cumulative vertical displacement. 
 

 
(a) Road section 1 

 
(b) Road section 2 

 

Figure 7. Measured lateral displacement at centerline in the 

current year 
 

Figure 7 shows the measured lateral displacement at 

centerline in the current year. When the roadbed temperature 

field was in the negative state with falling temperature, the fill 

layer had a large lateral displacement. When the roadbed 

temperature field was in the positive state with rising 

temperature, the phase change water could only be discharged 

along the side of the roadbed, because the roadbed was frozen; 

In this case, an inflection point was formed on the curve, 

indicating the directional change of lateral displacement. 

When the roadbed temperature field rose to above zero, the 

lateral displacement of each soil layer increased at a growing 

speed. 

Figures 8 and 9 present how the roadbed temperatures at 

centerline and slope top change with depth in the current year, 

respectively. It can be seen that the maximum freezing depths 

at the center and on the slope of the frozen soil roadbed was 

1.2m and 1.7m, respectively. 

Because the frost heave and thaw settlement of the roadbed 

vary from position to position. The freezing and thawing time 

of the roadbed soil at the center and on the slope could be 

derived from the two figures. It can be seen that different 

measuring points captured different frosting and thawing time. 

If the freezing time is long and thawing time is short, then the 

freezing of frozen soil is unidirectional, while the thawing is 

bidirectional. In addition, Figures 8 and 9 display the same 

change law of temperature as indicated by the previous 

analysis.  
 

  
 

Figure 8. Variation of centerline temperature with depth in 

the current year  
 

  
 

Figure 9. Variation of slope tope temperature with depth in 

the current year 
 

 

5. CONCLUSIONS 
 

This paper probes deep into the distribution law of 
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temperature field and thermal stability of roadbed in 

permafrost regions. Firstly, three types of factors affecting 

thermal stability were analyzed, including engineering 

geological factors, roadbed structural factors, and natural 

environmental factors. Then, the antifreeze mechanism of 

frozen soil roadbed was expounded, and the temperature field 

of the roadbed with low thermal conductivity insulation 

material was analyzed by two methods, namely, steady-state 

thermal analysis and transient thermal analysis. Afterwards, 

the authors detailed the solving process of roadbed 

temperature field. Finally, our method was proved effective in 

analyzing thermal stability and temperature field of frozen soil 

roadbed, through temperature field test, and layered tests on 

vertical and lateral displacements. 
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