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A multiphysics mathematical model of high-speed railway (HSR) roadbeds is necessary to facilitate a good level of understanding
of the frost heaving mechanism. Based on the classical hydrodynamic model and fundamental thermoelasticity theories, we
propose a thermo-hydro coupled model, based on the soil-water characteristic curve and solid-liquid ratio as the relation
equations, with the effects of the ice-water phase change and water migration due to temperature change considered. With the
linear expansion coefficient related to the temperature and the mass of ice content in roadbeds as the relation equation, we
establish a macroscopic thermal-hydro-mechanical model for unsaturated soil to calculate the roadbed deformations. Based upon
the field data of a typical cross section of the Harbin-Dalian HSR roadbed, the variation of the thermal-hydro-mechanical
characteristics is simulated and studied. (e results demonstrate that the increase of water content in the roadbed’s central line
mainly appears in soil layers at depths less than 1.2m and most ice-containing soil layers are at depths less than 0.6m. Under the
driving force of thermal and hydraulic migration, the vertical displacement of the west shoulder is increased to 18mm. (en the
settled maximum surface unevenness reaches 16mm between the shoulder and centre line.

1. Introduction

(e coarse-grained fillings and well-graded broken stone
widely used in HSR roadbeds are generally regarded as
materials with little or no frost heaving. However, field
monitoring of the Harbin-Dalian HSR roadbed in seasonally
regions of China reveals that frost heaving is commonly
present [1, 2]. Hence, a complete understanding of the
mechanism of freeze-thaw deformations of HSR roadbeds in
cold regions is essential. Currently, the mechanism of freeze-
thaw deformations in roadbeds is most often studied inside a
laboratory by considering the frost heaving behaviour of
unsaturated coarse-grained soil with respect to macroscopic
factors such as particle size and grade [3, 4], but the heat and

water migration in HSR roadbeds and the variation of their
thermal-hydro-mechanical characteristics have seldom been
studied.

Due to limitations of the testing conditions and long
duration, neither laboratory tests nor field monitoring can
completely clarify the freeze-thaw deformations of coarse-
grained fillings. (erefore, a thermal-hydro-mechanical
numerical model is useful and facilitates an understanding of
the mechanism of freeze-thaw deformations of coarse-
grained fillings. Typical mechanical models of frozen soil
already presented in the literature include a hydrodynamic
model [5, 6], a segregation potential model [7, 8], a rigid ice
model [9–12], and a thermodynamic model [13]. Based on
the classical theory of hydrodynamics, various thermal-
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hydro-mechanical coupled models that consider the effects
of volumetric strain caused by phase transformations be-
tween ice and water that occur in situ and the water mi-
gration in soil deformation have been proposed [14–16]. For
example, Lai et al. [17] proposed a thermal-hydro-me-
chanical coupled model of saturated soil in which the ice
content function is introduced and the Clapeyron equation
is used as the equilibrium condition of the ice/water phase
transformation. Similarly, thermal-hydro-mechanical cou-
pled models have been established based on the partial
expression of frozen soil components [18, 19]. Also, based on
the similarity to frost heaving due to the ice/water phase
transformation and the thermal linear expansion of mate-
rials, unsaturated thermal-hydro-mechanical frost heaving
models have been proposed [20, 21].

In previous studies, thermal-hydro-mechanical models
were constructed by considering the Clapeyron equation
generally used to describe phase equilibrium conditions.
Also, the applicability of the Clapeyron equation under
unsteady-state conditions is controversial, and moreover, it
cannot distinguish between different soil characteristics such
as particle composition, water content, and saturation de-
gree, which are very important for practical engineering.(e
segregation criterion in the thermal-hydro-mechanical
models is often empirical and cannot reach a unified
judgment. A practical and realistic thermal-hydro-me-
chanical coupled model has not been put forward yet, since
the existing thermal-hydro-mechanical models are often
very complicated and some physical parameters are difficult
to be measured. At the same time, previous studies explored
moisture migration, frost heaving mechanism, and frost
heaving variation of frozen soils in different ways, but most
of the existing calculation models have only been verified
through laboratory tests. Moreover, few of these consider the
variation of the thermal-hydro-mechanical characteristics of
HSR roadbeds in seasonally frozen regions, especially those
with sunny-shady slopes.

(erefore, based on the hydrodynamic model and the
basic theory of elasticity, a unified soil-water characteristic
curve (SWCC) is adopted to represent the soil water po-
tential in unsaturated soil. (e permeability coefficient re-
lated to the volumetric water content is introduced, and the
parameter changes due to the water content in unsaturated
soil are considered. (e specific solid-liquid ratio is used as
the coupling equation, and thus, the soil freezing law is
looked at from the macroscopic perspective, instead of the
microscopic study on the segregation criterion and the ice
lens initiation mechanism. Meanwhile, the influence of the
transformation of ice into water and water migration on the
temperature field is considered, so as to realize the full
hydrothermal coupling. (e linear expansion coefficient,
which is related to the soil temperature and mass of water
content, is introduced into the mechanics of porous media
equilibrium equation as the coupling equation between the
hydrothermal state and the stress-strain relationship. (e
step function of hydrothermal characteristic parameters for
frozen and unfrozen soil is used to accelerate the conver-
gence. Subsequently, the thermal-hydro-mechanical math-
ematical model for unsaturated soil is constructed. Also,

based on the field data of a typical section of the Harbin-
Dalian HSR roadbed, a model considering the sunny-shady
slope effect is developed and verified. Additionally, the
variation of thermal-hydro-mechanical characteristics of
HSR roadbeds in seasonally frozen regions is investigated, as
well as the variations of the temperature field, moisture field,
and deformation field.

(e organization of the remaining sections of this article
is as follows. In Section 2, the development of the thermal-
hydro-mechanical model is presented, followed by an ap-
plication of the model to the HSR roadbed in Section 3. In
this latter section, the achieved results are presented and
discussed. In Section 4, a conclusion is made.

2. Development of the Thermal-Hydro-
Mechanical Model

In this section, the development of the thermal-hydro-
mechanical model is presented.

2.1. Basic Assumptions. In deriving the model, the following
basic assumptions were considered:

(1) (e moisture migration mainly occurs at the frost
front and unfrozen area, while that in the frozen area
is negligible

(2) Moisture migration is only in the form of liquid
water. In other words, migration of vapors (i.e.,
sublimation and condensation of moisture) and
moisture evaporation at roadbed boundaries are
excluded

(3) Moisture migration can be described by Darcy’s law
(4) Soil particles, ice, and water are incompressible

substances with constant densities
(5) (e change of solute is neglected, namely, the os-

motic pressure caused by concentration difference is
neglected

(6) Soil is an isotropic linear elastic continuum material
that is completely consolidated and no account of
creep is taken into consideration

(7) Once the mass of ice content exceeds a critical level,
the linear expansion coefficient of soil follows a linear
relationship with respect to the mass content of ice

2.2. Governing Equations

2.2.1. Moisture Migration. According to the principle of
mass conservation and Darcy’s law, the governing equation
of moisture for unsaturated soil is given as follows [5]:

zθu

zt
+
ρi

ρw

zθi

zt
+ ∇ − K θu( ∇ψ θu(   � 0, (1)

where θu is the volumetric content of unfrozen water; t is the
time (s); ρi is the ice density (kg/m

3);ρw is the water density
(kg/m3); θi is the volumetric content of ice; K(θu) is the
permeability coefficient (m/s); and ψ is the soil water
potential.
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(e soil water potential can be calculated by consid-
ering the generalized Clapeyron equation and the hydro-
dynamic model. Since the Clapeyron equation does not
include any soil properties, it is only applicable to a state of
phase equilibrium and can hardly measure the ice-water
phase pressure. Hence, the soil water potential is calculated
by the hydrodynamic model in this study. (e soil water
potential of unsaturated soil mainly consists of the matrix
potential and the gravity potential. By introducing the
diffusion coefficient D(θu), equation (1) can be rewritten as
follows:

zθu

zt
+
ρi

ρw

zθi

zt
+ ∇ − D θu( ∇θu − K θu(   � 0, (2)

D θu(  �
K θu( 

cm

�
K θu( 

zθu/zφ
m
p 

� K θu( 
zφm

p

zθu

. (3)

where D(θu) is the water diffusion coefficient in soil (m2/s);
K(θu) is the soil permeability coefficient related with (θu);
Cm is the specific water capacity (m− 1); and φm

p is the matric
potential (m). In most cases, the relation of matrix potential
φm

p and θu is described by the unsaturated soil-water
characteristic curve (SWCC).

2.2.2. Temperature Field. Since the temperature field dis-
tribution is affected by both the moisture field and ice/
water phase transformation, the heat transfer induced by
migrating water in the hydrodynamic model cannot be
ignored [6]. Considering the effects of migrating water
and the ice/water phase transformation on heat transfer in
soil, the control equation for frozen soil temperature is
given by

C
zT

zt
+ Cw − K θu( ∇ψ θu(  ∇T + ∇(− λ∇T) − Lρi

zθi

zt
� 0,

(4)

where C is the soil volumetric heat capacity (kJ·m− 3·°C − 1); T
is the temperature (°C); Cw is the volumetric heat capacity of
water (kJ·m− 3·°C− 1); λ is the thermal conductivity
(W·m− 1·°C− 1); and L is the latent heat of the ice (kJ/kg).

2.2.3. Stress-Strain Relationship. In order to simplify the
model and according to the basic assumptions, the effects
of soil gravity and expansion induced by ice/water phase
transformation on soil deformation are considered, but
the effects of train loads on soil deformation are neglected.
(e stress-strain control equation of frozen soils is given
by

∇ [D] [ε] − εth (   + Fv  � 0, (5)

where [D] is the elasticity matrix, [ε] is the strain matrix,
[εth] is the thermal strain matrix, and [Fv] is the volumetric
force matrix:

[D] �
E

(1 + v)(1 − 2v)

1 − v v v 0 0 0

v 1 − v v 0 0 0

v v 1 − v 0 0 0

0 0 0
1 − 2v

2
0 0

0 0 0 0
1 − 2v

2
0

0 0 0 0 0
1 − 2v

2
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,

(6)

where E is the elastic modulus (Pa) and v is Poisson’s ratio.
As for the thermal expansion of common materials,

linear expansion coefficients are introduced to describe
thermal strains in frozen soils induced by the ice/water phase
transformation frost heaving:

εth  � εv
x εv

y εv
z cv

x cv
y cv

z 
T

, (7)

where εth is the total strain matrix, εv
x, εv

y, and εv
z are

components of the normal strain of thermal expansion in x,
y, and z directions, respectively. For isotropic frozen soils,
εv

x � εv
x � εv

x � − α(T − Tref ), where α is the linear thermal
expansion coefficient (1/°C) and it is related to the mass
content of ice and temperature; Tref is the reference tem-
perature (°C). cv

x, cv
y, and cv

z are components of the shear
strain of thermal expansion in x, y, and z directions, re-
spectively. For isotropic frozen soils, cv

x � cv
y � cv

z � 0.

2.2.4. Coupling Equations. From equations (2) and (4), two
differential equations and three unknown basic variables (θu,
θi, and T) are identified for coupling the moisture and
temperature fields, and so one more coupling equation is
required to close and solve the system of equations. Indeed,
liquid water cannot completely transform into ice during
freezing, and consequently, unfrozen water is present around
the soil particles. (e dynamic equilibrium of the volumetric
content of unfrozen water and temperature can be charac-
terized by the soil freezing characteristic curve (SFC) or other
empirical equations. Based on the model for the prediction of
unfrozen water [22], the solid-liquid ratio is introduced to
describe the relation of the volumetric content of ice and
volumetric content of unfrozen water and temperature, thus
establishing a coupling equation. (e ice-containing state of
soil can be described by considering the temperature and the
content of unfrozenwater as shown in equations (8) and (9) to
effectively improve the efficiency of the calculation:

w0

wu

�
T

Tf

 

b

, (8)

where w0 is the initial gravimetric moisture content
(w0 � wi + wu); wi is the mass content of ice (wi � ρiθi/ρd);
wu is the mass content of unfrozen water (wu � ρwθu/ρd); ρd
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is the soil dry density; T is the soil temperature (°C); b is an
empirical constant related to soil texture [22]; and Tf is the
freezing temperature of water (°C). Also,

Bi �
θi

θu

�

ρw

ρi

T

Tf

 

b

−
ρw

ρi

, T<Tf,

0, T≥Tf.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

where Bi is the solid-liquid ratio and θi can be described by θi

and T. A complete hydrothermal coupling analysis can be
achieved by considering equations (2), (4), and (9). Based on
the solution of the moisture and temperature fields, the
thermal-hydro-mechanical coupling analysis can be realized
by combining equation (5) with the linear thermal expan-
sion coefficient (α) as the coupling equation.

2.2.5. Model Parameters. (e ice content calculated by the
hydrothermal model is combined with the hydrodynamic
frost heaving model. (e determined frost heaving coeffi-
cient based on the ice content was substituted by the thermal
expansion coefficient in COMSOL (a Multiphysics soft-
ware). (e linear thermal expansion coefficient of clay loess
in the foundation was set to be − 0.0015, while the linear
thermal expansion coefficients of well-graded broken stone
and coarse-grained fillings in roadbeds [20] were deter-
mined by the following equation:

αjp �
0.0156wi − 0.0042, wi > 0.027,

0, wi ≤ 0.027,


αAB �
0.076wi − 0.0028, wi > 0.037,

0, wi ≤ 0.037,


(10)

where αjp is the linear thermal expansion coefficient of the
well-graded broken stone layer (1/K); αAB is the linear ex-
pansion coefficient (1/K) of coarse-grained fillings; and wi is
the mass content of ice.

To facilitate the model’s numerical convergence, the hy-
drothermal parameters of soil [22] were selected by considering
step functions so that these are continuous and differentiable:

C � ρd Cs +
ρw

ρd

θuCw +
ρi

ρd

θiCi ,

Cs � Csf + Csu − Csf H Tf,ΔT ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(11)

where C is the volumetric thermal capacity of the soil
(kJ·kg− 1·°C− 1); Cs is the specific heat capacity of soil skeleton
(kJ·kg− 1·°C− 1); Cw is the specific heat capacity of water
(kJ·kg− 1·°C− 1); Ci is the specific heat capacity of ice
(kJ·kg− 1·°C− 1); Csf is the specific heat capacity of frozen
soil skeleton (kJ·kg− 1·°C− 1); Csu is the specific heat capacity of
thaw soil skeleton (kJ·kg− 1·°C− 1);H (Tf, ΔT) is the Heaviside
step function, as shown in Figure 1; and ΔT is the 1/2 phase
transition interval. (us, the soil thermal conductivity λ
(W·m− 1·°C− 1) is considered to vary according to the fol-
lowing equation:

λ � λf + λu − λf H Tf,ΔT , (12)

where λf is the frozen soil thermal conductivity
(W·m− 1·°C− 1) and λu is the thaw soil thermal conductivity
(W·m− 1·°C− 1). Also, the soil permeability K (m/s) is con-
sidered to vary according to the following equation:

K � Kf + Ku − Kf H Tf,ΔT , (13)

where Kf is the frozen soil permeability (m/s) and Ku is the
thaw soil permeability (m/s).

Based on the model proposed by Van Genuchten [23],
which is suitable for the calculation of the permeability
coefficient of unsaturated soil, Ku and the specific water
capacity Cm are calculated by the following equation:

Ku � KsKr � Ks

1 − (oh)
k− 1 1 +(oh)

k
 

− m
 

2

1 +(oh)
k

 
m/2 , (14)

where Ks is the saturated permeability coefficient (m/s); Kr

is the relative permeability; o, m, and k are empirical con-
stants related to soil properties [23]; and h is the pressure
head (m), namely, φm

p (m). And

Cm �
− om θs − θr( 

1 − m

θu − θr

θs − θr

 

1/m

1 −
θu − θr

θs − θr

 

1/m
⎛⎝ ⎞⎠

m

,

(15)

where θs is the saturated volumetric content of water and θr

is the volumetric content of residual water. Also,

Kf � KuI (16)

where I is the impedance coefficient. According to Taylor’s
model [6, 14], I � 10− 10θi .

In summary, the complete hydrothermal coupling
analysis can be achieved by considering equations (2), (4),
(9), and (11)–(16), and then, the thermal-hydro-mechanical
analysis can be obtained by solving simultaneously equa-
tions (5) and (10).

H (Tf, ∆T)

1

0
Tf – ∆T Tf + ∆TTf T

Figure 1: Heaviside step function.
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3. Application of the Developed Model

3.1. Application to the Roadbed. Currently, in frost heaving
models, the boundary temperatures are usually simplified in
practical applications by a symmetric boundary condition.
Considering a section of the Harbin-Dalian HSR as an
object, the thermal-hydro-mechanical relation of the HSR
roadbeds in seasonally frozen regions is investigated using
field data and with the sunny-shady slope effect taken into
consideration, the effect of which was previously reported by
Zhang et al. [24] in the north-south oriented part of the
Harbin-Dalian HSR.

Steady-state monitored field data were obtained, and the
results were used for a transient analysis of the initial
temperature field. Once the initial temperature field is
established, the thermal-hydro-mechanical coupling is di-
vided into two steps. First, the hydrothermal coupling
analysis of the roadbeds is performed by secondary devel-
opment of the mathematical module in COMSOL, to obtain
the distributions and variations of moisture and temperature
fields. Second, stress and deformation fields are calculated by
the geomechanics module in COMSOL, which is based on
the proposed model and the results of the hydrothermal
coupling analysis.

As shown in Figure 2(a), the target section is located near
the Shuangcheng Station in Harbin and its altitude is
166.4m above mean sea level [25]. (e left part of
Figure 2(b) shows the composition of each roadbed com-
ponent [25]. (e width and the height of the roadbed are
13.6m and 5.433m, respectively, and the roadbed upper
layer is a 0.4m layer of well-graded broken stone. A com-
posite geomembrane insulating layer is laid just below the
upper layer with a 0.05m medium and coarse sand cushion
below and above, respectively. (e part under the insulating
layer consists of a 1.0m antifreezing layer with coarse-
grained fillings (High quality and good filling materials in
China railway roadbed design code [26]), while the lowest
layer is composed of normal coarse-grained fillings. An
antifrost heaving berm is set at the foot of the embankment
slope.(e foundation soil is clayey loess, silty clay, and sand,
reinforced by CFG (cement fly-ash gravel) piles arranged in
equilateral triangles. No surface water spillover was observed
at the test site. (e groundwater type is Quaternary porous
phreatic water, which is mainly recharged by atmospheric
precipitation and exposed to severe seasonal variation. (e
water depth is relatively large (between 13m and 18.5m),
and the groundwater level has an amplitude approximately
between 1m and 2m.

(e right part of Figure 2(b) shows the arrangement of
the roadbed measuring points considered [25]. Slope foots
and temperature measuring holes are only arranged on the
west part of the roadbed and other measuring points are
arranged symmetrically with respect to the central line of the
roadbed. Temperature measuring points are arranged at
intervals of 0.5m between 0.8m and 3.8m at intervals of 1m
between 3.8m and 10.8m below the roadbed surface. Five
measuring lines are arranged at the east shoulder, west
shoulder, central line, west slope foot, and 20m away from

the west slope foot, respectively, and each measuring line
consists of 14 measuring points.

With the thermistor as the main component, the tem-
perature sensor has a measuring range of − 40°C to +60°C. Its
accuracy is ±0.03°C in the range of − 20°C to +20°C.

At the target section, well-graded broken stone and
tracks were laid in August 2010 and September-October
2010, respectively. (e temperature was measured every five
days from August 01, 2010, to August 01, 2014. (e ice
density ρi and water density ρw were 917 and 1000 kg m− 3.
(e ice thermal conductivity λi and the water thermal
conductivity λw were 2.22 and 0.58Wm− 1·°C− 1, respectively.
(e latent heat of the ice L was 334.56 kJ kg− 3. And the
specific heat capacity of ice Ci and the specific heat capacity
of water Cw were 2.09 and 4.18 kJ kg− 1·°C− 1. Tables 1 and 2
summarize the basic characteristic parameters of the
roadbed and foundation layers [22, 27].

Considering the effects of temperature on the elastic
modulus and Poisson’s ratio, the mechanical parameters of
roadbeds are determined by the method reported elsewhere
(see Table 3) [24].

By fitting a function of the ground temperature obtained
from field monitoring data, as shown in Figure 3, the
Dirichlet temperature boundary conditions considering the
sunny-shady slopes effect for different locations are designed
[27]:

T(x,y,t) � T0 + A0 sin
2πt

p
+ ω  + R0t,

(x, y) ∈ AB, BC, C D, DE, EF, FG, GH, HI, and IJ,

zT(x,y)

zn
� 0, (x, y) ∈ AL and JK,

T(x,y) � T1, (x, y) ∈ KL.

(17)

(e initial phase angle ω is determined according to the
initial data obtained from the monitored area. Based on the
boundary layer principle (boundary layer thickness was
considered as 0.5m) [24], the average ground temperatures
T0 at the east shoulder, central line, and west shoulder of the
roadbed were determined to be 9.55°C, 7.71°C, and 7.80°C,
respectively. A0 is the temperature amplitude of the
boundary layer bottom, t is the time from the initial mo-
ment, measured in hours, and p is the vibration period,
adopted as 8760 hours. R0 is the thermal gradient of the
boundary layer bottom temperature increased by global
warming, adopted as 0.04°C/8760 h [28], n is the outer
normal direction of the boundary, and T1 is the temperature
at the lower boundary of the calculated region.

(e dimensions of the model are shown in Figure 3 [27].
(e height of clayey loess, silty clay, and sand was deter-
mined to be 11m, 11m, and 3m, respectively, by drilling.

East shoulder to central line (the depth from the roadbed
surface z range� 0–5.433m):
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T(x,y,t) � 9.55 −
1.84x

6.8
  + 18.560 −

1.920x

6.8
 

exp(− 0.2957z) sin
2πt

p
+
π
2

−
πx

10 × 6.8
− 0.2957z .

(18)

Central line to west shoulder (the depth from the
roadbed surface z range� 0–5.433m):

T(x,y,t) � 7.71 +
0.09(x − 6.8)

6.8
  + 16.640 −

2.70(x − 6.8)

6.8
 

exp(− 0.2957z) sin
2πt

p
+
2π
5

−
π(x − 6.8)

10 × 6.8
− 0.2957z ,

(19)

where x is the distance from the east shoulder (0–13.8m).
To discretize the variations of the moisture and tem-

perature fields of roadbeds in different seasons, the total time
step and substep of the hydrothermal coupling transient
analysis considered are 365 days and 0.5 days, respectively.
(e starting date of the transient analysis is August 1
(temperature peak moment).

3.2. Results and Discussion

3.2.1. Model Verification. Figure 4 shows a comparison
between the simulated frost depth (SFR) and the monitored
frost depth (MFR) of the west shoulder and a comparison
between the simulated vertical displacement (SVD) of the
roadbed and the monitored vertical displacement (MVD)

Shuangcheng

Kaiyuan

130°E125°E120°E110°E

45°N

40°N

N

Harbin

Changchun Jilin province

Shenyang

Liaoning province

Heilongjiang 

(a)

Natural ground borehole

West shoulder borehole

Central line borehole

1.0m antifreezing layer

Foundation with CFG piles

Instrument containerInsulating layer

Coarse-grained fillings

0.4m well-graded broken stone

West foot borehole

Antifreezing berm 

(b)

Figure 2: Location, composition, and measurement arrangement of the observed section. (a) Location of the observed section.
(b) Composition and arrangement of measured points of roadbed [25].
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within 2.7m from the adjacent roadbed section [29]. As it is
evident, simulated and monitored frost depths follow
consistent trends. Simulation of the deformation dem-
onstrates a reasonable match to the monitored defor-
mation basically. (e region with frost depth less than
1.2m is exposed to severe soil frost heaving. When the
frost depth exceeded 1.2m, frost heaving developed slowly
even though the frost depth increased further. (e du-
ration of thawing subsidence was short. As shown in
Figure 4, field monitoring of the adjacent roadbed section
indicated 2mm residual deformation after thawing sub-
sidence of the roadbed [29], while previous studies
claimed that roadbed deformations almost returned to the
initial condition after thawing subsidence. In some cases,
a small amount of settlements were observed after thawing
subsidence [27].

(erefore, from the results, it can be concluded that the
proposed numerical model is effective and applicable for a
comprehensive analysis of the temperature field, moisture
field, and deformation field of the roadbed.

3.2.2. Analysis of the Simulation Results. Figure 5 illustrates
the temperature field distribution of the section at certain
moments in time. As observed, the freezing process is
unidirectional and lasted for a long period, while the thawing
process is bidirectional and has a short period. Due to the
sunny-shady slope effect, the temperature fields of the
roadbed are asymmetrically distributed in the transverse
direction during the freezing-thawing process. (e maxi-
mum frost depth occurred at the west shoulder (right
shoulder, sunny shoulder), followed by the east shoulder
(left shoulder, shady shoulder) and that at the central line.
(e freezing sequence is west side slope, east side slope, and
top surface. During thawing, frozen soil nuclei are observed
in the roadbed and the thawing sequence is west side slope,
east side slope, and roadbed top surface. Additionally,
thawing of shoulders occurred earlier than that of the slope
foot.

Figure 6 illustrates the distribution of themass content of
ice at the roadbed section. Due to the presence of the
temperature field, ice-containing soil layers are observed at
depths less than 1.2m. At the samemoment, the distribution
of ice content of the roadbed section is uneven; the ice
content of the west part is relatively large during freezing and
melted rapidly during thawing.

Figure 7 shows time history curves of the temperature
field and moisture fields of the central line of the roadbed.
As observed, the ice-containing soil layer at the central
line has a thickness of about 1.2 m, mainly within the
range 0 to 0.6 m. Moisture migration is observed in both
positive and negative temperature periods, but most
especially in the negative temperature period. (e
moisture migration is concentrated in the region at
depths less than 2.5 m. Here, the moisture distribution in
positive and negative temperature periods is mainly af-
fected by self-equilibrium of the moisture and temper-
ature fields, respectively. During freezing, the mass
content of moisture in the roadbed increased with depths
less than 1.2 m decreased with depths between 1.2 m and
2.5 m and remained almost constant with depths greater
than 2.5 m. Here, the mass content of moisture increased
near the top surface of the roadbed and within the layer at

Table 1: (ermal characteristic parameters of soil.

Csf (kJ·kg− 1·°C− 1) Csu (kJ·kg− 1·°C− 1) Tf (°C) λf (W·m− 1·°C− 1) λu (W·m− 1·°C− 1)

Well-graded broken stone 0.71 0.79 − 0.56 2.53 1.86
Coarse-grained fillings 0.62 0.66 − 0.56 1.40 1.15
Clay loess 0.76 0.84 − 0.45 2.40 1.54
Silty clay 0.76 0.84 − 1.00 2.12 1.42
Silty sand 0.73 0.84 − 0.60 1.24 1.86

Table 3: Mechanical parameters of roadbeds.

Temperature (°C)
− 20 − 10 − 5 − 1 − 0.5 0 30

E (MPa) 380.81 272.00 200.21 114.00 95.97 61.00 61.00
v 0.21 0.28 0.315 0.345 0.345 0.35 0.35

13.6m

25
m

A
20m

B

C D
E F

G H
Roadbed

Clayey loess

Silty clay

Silty sand

I J

KL

5.
43

3m

Figure 3: Sketch map of roadbed model [27].

Table 2: Characteristic parameters of water for different soils.

w0 (%) α (m− 1) b Ks (m·s− 1) l m n ρd (kg·m− 3) θs θr

Well-graded broken stone 10 0.66 0.61 2E − 4 0.5 0.14 1.16 1 780 0.40 0.05
Coarse-grained fillings 9 0.66 0.61 1E − 4 0.5 0.14 1.16 2 122 0.40 0.05
Clayey loess 25 2.65 0.56 8E − 8 0.5 0.26 1.35 1 360 0.53 0.08
Silty clay 25 2.65 0.56 2E − 8 0.5 0.26 1.35 1 600 0.51 0.08
Silty sand 25 1.00 0.47 6E − 7 0.5 0.26 1.35 1 500 0.41 0.06
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a depth of 1 m. (e maximum variation of the mass
content of moisture is 2%, which was about 20% higher
than that before freezing. In other words, moisture mi-
gration has a significant effect. (e critical depth of
moisture variation is 1.2 m. At this depth, the variation
range of temperature is − 0.7∼0°C (with the phase tran-
sition temperature zone) during freezing. Also, a frost
front is presented, resulting in the migration of moisture
to the lower part of the roadbed from an unfrozen region
to a frozen one.

(e distribution of the deformation of roadbeds is in-
vestigated based on the above analysis. In this work, the
vertical displacement of the roadbed surface was the major
concern. Figure 8 shows the time history curve, temperature
curve, frost depth curve of the roadbed deformations.
Figure 9 shows vertical displacements of roadbed section at
different moments. Figure 10 shows the horizontal and
vertical displacement fields of the roadbed section on March
10, 2014. As it is evident, vertical displacement of the roadbed
surface followed the sequence of west shoulder, east shoulder,
and central line, while the vertical displacement followed the

sequence of west shoulder which is higher that of the east
shoulder which is higher than that at the central line. (e
maximum vertical displacement of the roadbed surface is
approximately 11∼18mm (15mm is allowed according to
Chinese railway roadbed design code). At the early stage of
freezing, the vertical displacement increased with the frost
depth. Once the frost depth exceeded a critical level, the
vertical displacement did not increase further with the frost
depth.(e roadbed vertical displacements are asymmetrically
distributed in the transverse direction and also an uneven
deformation of the roadbed surface appeared. In this study,
the left and right shoulders are exposed to ambient condi-
tions, while the central line is covered by the track slab. Hence,
roadbed deformations at the shoulders and the central line are
uneven in the early negative temperature period (up to
14mm) and the difference subsequently decreases.

3.2.3. Discussion. For frost heaving of roadbeds in cold
regions, changes of the temperature, moisture, and defor-
mation are the cause, the medium, and the result,
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respectively. Roadbed deformations are macroscopic effects
of hydrothermal migrations in roadbed soils.

Field monitoring revealed that frost heaving of the
Harbin-Dalian HSR roadbed is present from the surface to a
frost depth of 1.2m. Here, frost heaving of the well-graded
broken stone dominated the frost heaving of the roadbed to
a frost depth of 0.5m [27]. Additionally, the moisture
content varied drastically within the depth of 0.6m.

(e results of this study demonstrated that moisture
migration at the freezing front is observed in the roadbed
of the Harbin-Dalian HSR under the driving force of the
temperature field. Here, the moisture content increased
significantly in the range between 0m and 1.2m, and the
ice-containing soil layers are concentrated in this region
especially in the range between 0 and 0.6 m. (erefore,
phase transition and moisture migration in Harbin-
Dalian HSR roadbed driven by an uneven distribution of
the temperature field are the main causes of roadbed
deformations.

(e transverse variation of the ground temperature of
roadbeds can be attributed to the differences in the solar
radiation intensity and also the surface covering layer
[24, 30]. (ese variations of the ground temperature lead

to an unbalanced development of the frost depth time and
value, thus resulting in an unbalanced moisture migra-
tion. In this case, uneven transverse deformations are
inevitable [30, 31]. Field monitoring data revealed dif-
ferences in deformations of the east and west shoulders of
the Harbin-Dalian HSR roadbed [32]. Simulation results
demonstrated that the distribution of deformation field of
roadbed in the transverse direction is asymmetric and
uneven due to the effects of temperature and mass
content of ice. Indeed, the deformation is maximized at
the shoulders. (e deformation of a specific part of
roadbed is affected by a variation of the ground tem-
perature and moisture at this part and of the surrounding
soil. Hence, roadbed deformations are highly compli-
cated. Frost heaving was first observed at the west
shoulder, since freezing was first observed over there.
However, deformation was initiated before freezing, since
the freezing of the side slope occurred earlier than
roadbed freezing. (e uneven transverse deformation of
the roadbed results in severe frost heaving at the
shoulders and side slope. In fact, slope foots should be
protected as weak spots due to severe ice accumulation
results in horizontal displacement.
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(e results demonstrated that a reduction of the
roadbed freeze-thaw deformations should be achieved
based on the analysis of thermo-hydro migration char-
acteristics of roadbeds, instead of a thermal insulation
layer on the roadbed surface. Elimination of the uneven
transverse deformations should be obtained by mini-
mizing the difference of the ground temperature in the
transverse direction, which can be achieved by asym-
metric transitional layout of roadbed soils [30] or by an
asymmetric antifrost heaving berm [33]. Based on a
theoretical study, this study provides references to the
design and maintenance of HSR roadbeds in seasonally
frozen regions.

4. Conclusions

With SWCC, solid-liquid ratio, and the linear thermal ex-
pansion coefficient as coupling equations, considering the
influence of the transformation of ice into water and water
migration on the temperature field, a thermal-hydro-me-
chanical model applicable for unsaturated soils was pro-
posed.(e hydrothermal characteristic parameters of frozen
and unfrozen soils were expressed by step functions. (en
the thermal-hydro-mechanical model is introduced in this
study to explore the thermal field, water migration, and
deformation variations of the HSR roadbed.

From the work described in this article, it is concluded
that

(1) (e physical property fields of the roadbed varied
significantly in soil layers with depths less than 2.5m.
Redistribution of the moisture field was triggered by
a variation of the temperature field. Due to the
significant effect of moisture migration, the mass
content of moisture increased within the roadbed at
depths greater than 1.2m and the maximum vari-
ation of the mass content of moisture was 2 %. Most
ice-containing soil layers were at depths less than
0.6m.

(2) Affected by the boundary of the sunny-shady slopes,
distributions of the temperature field, moisture field,
and deformation of the roadbed in the transverse
direction were asymmetric and uneven. (e maxi-
mum frost depth was greatest at the west shoulder
(right shoulder, shady shoulder) followed by the east
shoulder (left shoulder, sunny shoulder) and least at
the central line. (e maximum uneven settlement
between the shoulder and the central line was
16mm, while that between the centre of the two
tracks was 4mm. Here, the maximum vertical dis-
placements of the west shoulder, east shoulder, and
central line were 18mm, 16mm, and 12mm,
respectively.

(3) (e roadbed deformations are affected by the dis-
tribution and variation of the temperature and
moisture fields. (erefore, reduction of freeze-thaw
deformations and uneven deformations of roadbeds
should be achieved by controlling the roadbed
thermo-hydro migration characteristics.

Abbreviations

θu: (e volumetric content of unfrozen water
t: Time (s)
ρi: (e ice density (kg/m3)
ρw: (e water density (kg/m3)
θi: (e volumetric content of ice
K (θu): (e soil permeability coefficient related with θu

(m/s)
ψ: (e soil water potential
D (θu): (e water diffusion coefficient in soil (m2/s)
Cm: (e specific water capacity (m− 1)
φm

p : (e matric potential (m)
C: (e soil volumetric heat capacity (kJ·m− 3·°C− 1)
T: Temperature (°C)
Cw: (e volumetric heat capacity of water

(kJ·m− 3·°C− 1)
λ: (e thermal conductivity (W·m− 1·°C− 1)
L: (e latent heat of the ice (kJ/kg)
[D]: (e elasticity matrix
[ε]: (e strain matrix
εth: (e total strain matrix
[εth]: (e thermal strain matrix
[Fv]: (e volumetric force
E: (e elastic modulus (Pa)
v: Poisson’s ratio
εv

x, εv
y, εv

z: Components of the normal strain of thermal
expansion in x, y, and z directions

α: Linear thermal expansion coefficient (1/°C)
Tref : Reference temperature (°C)
cv

x, cv
y, cv

z: Components of the shear strain of thermal
expansion in x, y, and z directions

w0: (e initial gravimetric moisture content
wi: (e mass content of ice
wu: (e mass content of unfrozen water
ρd: (e soil dry density
b: An empirical constant related to soil texture
Tf: (e freezing temperature of water (°C)
Bi: (e solid-liquid ratio
αjp: (e linear thermal expansion coefficient of the

well-graded broken stone layer (1/K)
αAB: (e linear expansion coefficient (1/K) of coarse-

grained fillings
Cs: (e specific heat capacity of soil skeleton

(kJ·kg− 1·°C− 1)
Cw: (e specific heat capacity of water (kJ·kg− 1·°C− 1)
Ci: (e specific heat capacity of ice (kJ·kg− 1·°C− 1)
Csf: (e specific heat capacity of frozen soil skeleton

(kJ·kg− 1·°C− 1)
Csu: (e specific heat capacity of thaw soil skeleton

(kJ·kg− 1·°C− 1)
H (Tf,
ΔT):

(e Heaviside step function

λf: (e frozen soil thermal conductivity
(W·m− 1·°C− 1)

λu: (e thaw soil thermal conductivity (W·m− 1·°C− 1)
λi: (e ice thermal conductivity (W·m− 1·°C− 1)
λw: (e water thermal conductivity (W·m− 1·°C− 1)
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K: (e soil permeability (m/s)
Kf: (e frozen soil permeability (m/s)
Ku: (e thaw soil permeability (m/s)
Ks: (e saturated permeability coefficient (m/s)
Kr: (e relative permeability
o, m, k: Empirical constants related to soil properties
h: (e pressure head (m)
θs: (e saturated volumetric content of water
θr: (e volumetric content of residual water
I: (e impedance coefficient
T0: (e average ground temperatures
A0: (e temperature amplitude of the boundary

layer bottom
P: (e vibration period, adopted as 8760 hours
R0: (e thermal gradient of the boundary layer

bottom temperature increased by global
warming, adopted as 0.04°C /8760 h

n: Outer normal direction of the boundary
T1: Temperature at the lower boundary of the

calculated region
ω: (e initial phase angle.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

(e authors declare that they have no conflicts of interest
in the submission of this manuscript. (ey do not have
any commercial or associative interest that represents
conflicts of interest in connection with the work
submitted.

Acknowledgments

(is research was funded by the National Natural Science
Foundation of China (NSFC) under grant no. 51708369,
National Key Research and Development Program of
Ministry of Science and Technology under grant no.
2019YFC1509604-02, Natural Science Foundation of Hebei
Province under grant no. E2017210110, Science Foundation
of Chinese Postdoctoral under grant no. 2018M633607,
Science and Technology Innovation Project of National
Energy Investment Group under grant no. SHGF-15-41, and
the Special Support Project of Hebei Province Basic Research
Team under grant no. 31100803. (e authors appreciate the
help from Niu Fujun for supplying the deformation data
monitored in the field.

References

[1] D. Cai, “Test on frost heaving spatial-temporal distribution of
high-speed railway subgrade in seasonallyly soil region,”
China Railway Science, vol. 37, pp. 16–21, 2016, in Chinese.

[2] G. Shi, S. Zhao, and X. M. Li, “(e frost heaving deformation
of high-speed railway subgrades in cold regions: monitoring

and analyzing,” Journal of Glaciology and Geocryology, vol. 36,
pp. 360–368, 2014.

[3] T. Wang and Z. Yue, “Influence of fines content on frost
heaving properties of coarse-grained soil,” Rock and Soil
Mechanics, vol. 34, pp. 359–364, 2013, in Chinese.

[4] Q. Wang, J. Liu, Y. Tian, and X. Zhu, “A study of orthogonal
design tests on frost-heaving characteristics of graded crushed
rock,” Rock and Soil Mechanics, vol. 36, pp. 2825–2830, 2015,
in Chinese.

[5] R. L. Harlan, “Analysis of coupled heat-fluid transport in
partially frozen soil,” Water Resources Research, vol. 9, no. 5,
pp. 1314–1323, 1973.

[6] G. S. Taylor and J. N. Luthin, “A model for coupled heat and
moisture transfer during soil freezing,” Canadian Geotech-
nical Journal, vol. 15, no. 4, pp. 548–555, 1978.

[7] J.-M. Konrad and N. R. Morgenstern, “A mechanistic theory
of ice lens formation in fine-grained soils,” Canadian Geo-
technical Journal, vol. 17, no. 4, pp. 473–486, 1980.

[8] J. M. Konrad and N. Morgenstern, “(e segregation potential
of a freezing soil,” Canadian Geotechnical Journal, vol. 18,
pp. 482–491, 2011.

[9] K. Hu, “Development of separated ice model coupled heat and
moisture transfer in freezing soils,” Ph.D. thesis, China
University of Mining and Technology, Xuzhou, China, p. 130,
in Chinese, 2011.

[10] R. D. Miller, “Freezing and heaving of saturated and unsat-
urated soils,” Highway Research Record, vol. 393, pp. 1–11,
1972.

[11] K. O’Neill and R. D. Miller, “Exploration of a rigid ice model
of frost heave,”Water Resources Research, vol. 21, pp. 281–296,
1985.

[12] Y. Zhou, “Study on frost heave model and frost heave control
of frozen soils,” Journal of China University of Mining and
Technology, p. 113, 2009, in Chinese.

[13] C. Duquennoi, M. Fremond, and M. Levy, “Modelling of
thermal soil behavior,” VTT Symposium, vol. 95, pp. 895–915,
1989.

[14] X. Mao and B. Ma, Studies on the Stability of Permafrost
Subgrade Based on Coupled Water and Heat Transfer, p. 270,
China Communications Press, Beijing, China, 2011, in
Chinese.

[15] J. Wu and T. Han, “Numerical research on the coupled
process of the moisture-heat-stress fields in saturated soil
during freezing,” Engineering Mechanics, vol. 26, pp. 246–251,
2009, in Chinese.

[16] Q. Xu, G. Peng, N. Li, and Z. Liu, “Numerical method of
phase-change field of temperature coupled with moisture,
stress in frozen soil,” Journal of Tongji University, vol. 33,
pp. 1281–1285, 2005, in Chinese.

[17] Y. Lai, W. Pei, M. Zhang, and J. Zhou, “Study on theory model
of hydro-thermal-mechanical interaction process in saturated
freezing silty soil,” International Journal of Heat and Mass
Transfer, vol. 78, pp. 805–819, 2014.

[18] F. Ming and D. Li, “Modeling and experimental investigation
of one dimension coupled moisture and heat in unsaturated
freezing soil,” Journal of Central South University (Science and
Technology Edition), vol. 45, pp. 889–894, 2014, in Chinese.

[19] J. Zhou and D. Li, “Numerical analysis of coupled water, heat
and stress in saturated freezing soil,” Cold Regions Science and
Technology, vol. 72, pp. 43–49, 2012.

[20] Q. Bai, “Determination of boundary layer parameters and a
preliminary research on hydrothermal stability of subgrade in
cold region,” M.S. thesis, Beijing Jiaotong University, Bei-
jing,China, p. 73, 2016, in Chinese.

Advances in Civil Engineering 13



[21] B. Tai, J. Liu, X. Li, Z. Yue, and Y. Shen, “Numerical model of
frost heaving and anti frost heaving measures of high speed
railway subgrade in cold region,” China Railway Science,
vol. 38, pp. 1–9, 2017, in Chinese.

[22] X. Xu, J. Wang, and L. Zhang, Physics of Frozen Soilsp. 378,
Science Press, Beijing, China, 2nd edition, 2010, in Chinese.

[23] M. T. Van Genuchten, “A closed-form equation for predicting
the hydraulic conductivity of unsaturated soils,” Soil Science
Society of America Journal, vol. 44, no. 5, pp. 892–898, 1980.

[24] Y. Zhang, Y. Du, and B. Sun, “Temperature distribution in
roadbed of high-speed railway in seasonallyly frozen regions,”
Chinese Journal of Rock Mechanics and Engineering, vol. 33,
pp. 1286–1192, 2014, in Chinese.

[25] Y. Zhang, Y. Du, and B. Sun, “Temperature distribution
analysis of high-speed railway roadbed in seasonally frozen
regions based on empirical model,” Cold Regions Science and
Technology, vol. 114, pp. 61–72, 2015.

[26] China State Railway Administration (CSRA), Code for Design
of Railway Earth Structure (TB 10001–2016), China Railway
Publishing House, Beijing, China, 2017, in Chinese.

[27] Y. Zhang, Y. Du, B. Sun, S. Zhang, and J. Han, “Roadbed
deformation of high-speed railway due to freezing-thawing
process in seasonallyly frozen regions,” Chinese Journal of
RockMechanics and Engineering, vol. 33, pp. 175–182, 2014, in
Chinese.
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