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Abstract: In engineering practice, various types of pile foundations are commonly em-
ployed to mitigate the impact of differential frost heave on structures in cold regions.
However, the studies on how pile material properties influence the thermo-hydro-me-
chanical coupling fields during the freezing of the pile-soil system remain limited. To ad-
dress this, a finite element model was developed to simulate the response of the pile-soil
system under unidirectional freezing conditions. The numerical model in simulating
ground temperature field and frost heave was first verified by comparison with experi-
mental results. Then, the simulations for piles made of different materials, specifically
steel and concrete piles at field scale, were conducted to obtain real-time temperature,
moisture, and displacement fields during the freezing process. The results demonstrate
that pile—soil systems of the two materials exhibit clearly different freezing patterns. The
thermal conductivity of concrete, being similar to that of the surrounding soil, results in a
unidirectional freezing pattern of soil around concrete piles, with the frost depth line par-
allel to the frost heave surface, forming a “~—-shaped” freezing zone. In contrast, the high
thermal conductivity of steel piles significantly accelerates the freezing rate and increases
the frost depth in the surrounding soil, leading to both vertical and horizontal bidirec-
tional freezing around the piles, creating an “inverted L-shaped” freezing zone. This bi-
directional freezing generates greater tangential frost heave forces, pile frost jacking, and
soil displacement around piles compared to concrete piles under identical freezing con-
ditions. The numerical simulation also identifies the critical hydraulic conductivity at
which moisture migration in the frozen soil layer ceases and describes the variation of
relative ice content with temperature. These findings offer valuable insights into consid-
ering soil frost heave and pile displacement when using steel for foundation construction
in cold regions, providing guidance for anti-frost heave measures in such environments.

Keywords: frost soil; pile material; thermo-hydro-mechanical coupling; numerical
analysis
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1. Introduction

With the implementation of the Western Development Strategy and the Belt and
Road Initiative, engineering projects in cold regions have rapidly expanded. Frost heave
and thaw settlement in soils can cause foundation jacking or tilting, leading to cracks or
damage in the superstructure. Pile foundations, as deep foundations, are widely used in
cold region construction due to their relative insensitivity to ground surface temperature
changes. However, the stability of pile foundations in frozen soil is still threatened by
seasonal temperature fluctuations, atmospheric warming, and increased human engineer-
ing activities, posing greater challenges for pile foundation design in cold regions [1].

Since the 1960s, the study of frost heave processes and mechanisms has developed
significantly. Taber [2] was the first to discover that the volume expansion caused by water
freezing into ice is very limited, and frost heave is primarily driven by the gradual migra-
tion of external water sources. This discovery shifted the focus of researchers toward un-
derstanding the mechanisms, patterns, and influencing factors of moisture migration in
frozen soils. Due to the physicochemical properties of soil-water systems, a certain
amount of water remains unfrozen below the freezing point during the soil freezing pro-
cess [3,4]. The lower the temperature, the lower the thermodynamic potential or Gibbs
free energy of the unfrozen water film, creating a suction gradient driven by the temper-
ature gradient in the frozen zone. This suction gradient drives water from the unfrozen
zone to the frozen zone through a continuous film of unfrozen water [5]. The amount of
water that migrates and subsequently freezes directly influences the extent of soil frost
heave. Significant results have been achieved through experimental studies on the hy-
draulic conductivity and unfrozen water content in frozen soils. The hydraulic conductiv-
ity is influenced by factors such as soil type, temperature, and unfrozen water content
[6,7] and can be indirectly estimated using the soil-water characteristic curve (SWCC) [8,9]
or the soil freezing characteristic curve (SFCC) [10,11]. The unfrozen water content in fro-
zen soils is affected by soil type, initial water content, and temperature variations [12-14]
and is usually expressed as exponential function of temperature [12].

Frost heave and thaw settlement of foundations affect the long-term safety and sta-
bility of building structures. Researchers have investigated the stability of frozen soil
foundations using experimental, theoretical, and numerical simulation methods. Tang et
al. [15] conducted freezing model tests on a reinforced concrete isolated foundation under
constant load and open water replenishment conditions, analyzing the evolution of the
temperature field, frost heave force, and moisture migration in the frozen soil. Wang et al.
[16] conducted a one-dimensional frost heave model test and proposed a thermodynamic
model to simulate frost jacking behavior of helical piles in frozen soil. Then, a series of
numerical calculations were carried out to determine the optimal geometric parameters
of helical piles. Liu et al. [17] proposed a model to simulate frost jacking performances of
a pile foundation within an axisymmetric pile—soil system through a coupling strategy,
where mathematical expressions of frost heave strain considering volumetric ice content,
negative temperature and porosity and a strain-softening model to describe soil-pile in-
teractions were incorporated. Jerome B. Johnson and James S. Busks [18] conducted field
tests to measure and record the magnitude and distribution of axial strains in H-piles and
pipe piles as they penetrated the ice and gravel surface and used these strain measure-
ments to calculate both the frost uplift force acting on the piles and the shear stress at the
soil-pile interface.

The interface characteristics between piles and frozen soil are fundamental for ana-
lyzing the stability of foundations. Numerous researchers [19-25] have explored this issue
through both laboratory and field experiments. Shi et al. [22-24,26] used direct shear tests
to examine how the factors such as soil temperature, moisture content, surface roughness,
and the number of freeze-thaw cycles influence the strength of the pile—frozen soil
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interface. The material of the pile has a significant influence on these interface character-
istics. Penner [19] conducted field freezing tests on piles made of various materials, re-
vealing that steel piles exhibited the highest freezing strength, followed by concrete piles,
and, finally, wooden piles. Liu et al. [25] conducted shear tests on frozen clay—pile inter-
faces at various freezing temperatures and analyzed the relationship between peak shear
strength, residual strength, and freezing temperature for three types of piles (wooden,
concrete, and steel). They found that wooden piles had the highest strength, concrete piles
were intermediate, and steel piles had the lowest strength, suggesting that this phenome-
non might be related to the degree of water intrusion into the pile. Wen et al. [20] con-
cluded from direct shear tests of frozen soil with FRP (fiberglass-reinforced plastic) and
concrete slabs under various conditions that a smooth FRP coating effectively reduced the
freezing adhesion strength between the foundation and frozen soil. Liu et al.&s [21] study
on different thicknesses of asphalt coatings on piles found that the asphalt coating can
significantly reduce the interaction between the frozen soil and the pile. Specifically, the
asphalt coating on the pile body can reduce the interaction between the frozen soil and
the pile. Asphalt coatings larger than 10 mm basically eliminate the frost jacking of the
pile.

Not only does the material of the pile affect the pile-soil interface characteristics, its
thermal conductivity properties affect the temperature field, moisture migration, and un-
frozen water content in the soil, thereby influencing the frost heave degree and frost jack-
ing characteristics of the foundation. Although extensive research has been conducted on
soil frost heave, frozen soil-foundation interfaces, and pile frost jacking behavior, there is
limited research on the impact of pile material on the thermo-hydro-mechanical field of
the pile—soil system during freezing. The understanding of the effect of pile material on
foundation deformation and load bearing remains insufficient. Therefore, this study em-
ploys numerical simulations to analyze the thermo-hydro-mechanical coupling of the
pile—soil system during freezing for concrete and steel piles. This analysis aims to eluci-
date the mechanisms of frost heave of foundations in cold regions and provide insights
for refining deformation control design theories, which have significant engineering im-
plications.

2. Establishment of the Mathematical Model

This study develops a frost heave model for the pile-soil system based on the thermo-
hydro-mechanical coupling model proposed by Bai [27]. The model is implemented using
the coefficient form partial differential equation (PDE) module in the finite element soft-
ware COMSOLS6.1.

2.1. Temperature Field Equation
Considering the heat conduction in soil media and the phase change between ice and
water, and applying Fouriers law by incorporating the latent heat of phase change as an

internal heat source, the differential equation for heat conduction in frozen soil is estab-
lished as follows [8]:

or _
ot

1(9)V2T+L-pl% (1)

where p and prare the densities of the soil and ice, respectively (kg/m?3); 6 and 01 are the

pC(H)

volumetric water content and the volume fraction of pore ice, respectively; T is the transi-
ent temperature of the soil (°C), and ¢ is time (s); A(0) and C(0) are the thermal conductivity
(W/(m-°C)) and volumetric heat capacity (kJ/(kg-°C)), respectively, expressed as functions
of the volumetric water content, which can be referenced from the literature [28]; and L
represents the latent heat of phase change, typically taken as 334.56 k]/kg.
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The heat conduction equation for the pile is given as follows:
JaT
PCS; =4V'T @

where ps, Cs, and Asrepresent the density (kg/m?®), volumetric heat capacity (kJ/(kg-°C)),
and thermal conductivity (W/(m-°C)) of the pile material, respectively.

2.2. Moisture Field Equation

The migration of water in frozen soil, driven by soil water potential, follows Darcye
law. According to the Richards equation [29] and considering the retardation effect of pore
ice on the migration of unfrozen water [30], the differential equation for the migration of
unfrozen water in unsaturated frozen soil is given by the following;:

agu P 1 a9]

ot +Z$:V|:D(0u)vau +k(€” ):| (3)

where Ouis the volumetric content of unfrozen water in frozen soil, and k(Ou) is the un-
saturated hydraulic conductivity in the direction of gravitational acceleration (m/s); D(6u)
represents the diffusivity of water in frozen soil (m?/s), and the calculation formula is as

follows:
k(6,)
D(6 )= . ]
(6,) (0,) @)
I — 10—1001 (5)
k()= kSS’ 1-1=8""y"y (6)
«8)=aym/ (1-m)-8""(1~S")" %

In these equations, k(Ou) represents the unsaturated hydraulic conductivity (m/s);
c(6u) is the specific water capacity (m™), determined by the retention model [29]; I denotes
the impedance factor, indicating the retardation effect of pore ice on the migration of un-
frozen water [30]; ks is the hydraulic conductivity of saturated soil (m/s); S is the relative
saturation of the frozen soil, S=(6,—0.) / (6.—0.); 6 is the residual water content; and

0Os is the saturated water content; a0 (m™), m, and [ are constitutive parameters that vary
with soil properties.

2.3. Coupling Equation

The equations for the temperature field and moisture field in frozen soil both involve
three unknowns: temperature T, volumetric ice content 01, and volumetric unfrozen water
content Ou. Therefore, an additional equation is needed to solve the model. The solid-lig-
uid ratio Bi(T) is selected as the coupling term [27], representing the relationship between
the volumetric ratio of ice to unfrozen water in the soil and temperature, which is ex-

B
1.1[1] -1.1 T<T,

f

pressed as follows:
0
B (1)=2- ®
oo T>T,

where T is the temperature of the soil (°C); Tt is the freezing temperature of the soil (°C);
and B is a constant related to soil type and salinity. The value of B can be determined using
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the point method, or, in the absence of experimental data, it can be selected based on em-
pirical values [27].

2.4. Soil Strain Equation

Equations (1)-(8) form the system of equations used to calculate the thermo-hydro
coupling in the pile—soil system. This system describes the relationships among tempera-
ture, unfrozen water content, and ice content. To achieve thermo-hydro-mechanical cou-
pling, it is also necessary to calculate the strain in the soil due to water migration and the
ice-water phase change. The model assumes that soil deformation is solely caused by the
volumetric change of pore water freezing into ice, which is isotropic in nature and results
in an isotropic volumetric change in the material. According to the literature [31], the re-
lationship between the frost heave rate n and the volumetric ice content 01 for silty soil is
given by the following:

0.2156¢9, (x,»)—0.0195, @, (x,y)>0.09

7%.) ={0, @, (x,) <0.09 ©)

@, (x,y)=09-6(x,y)/ p (10)

where wei(x,y) is the mass fraction of the ice content Oi(x,y), and r is the density of the soil.

2.5. Pile-Soil Mechanical Equation

In order to simplify the calculations, idealized assumptions were made for the pile
and soil. The pile is considered as a linear elastic material because of the minimal defor-
mation of the pile, and the material parameters of the pile are assumed to be unaffected
by temperature. The soil is regarded as a linear elastic material, with its Younge modulus
and Poissone ratio varying with temperature when the soil temperature is below 0 °C.
The formulas are as follows [32].

E=a +b]|T|"

11
v=a2+b2|T| (1

where a1, a2, b1, and bz are fitting parameters derived from experimental data.
During freezing, the shear strength gr at the pile-soil interface varies with tempera-
ture changes:

q,=u(T)o, +c(T) (12)

where p(T) and ¢(T) are the friction coefficient and cohesion at the interface, respectively,
and on is the normal pressure on the interface. The specific forms of (1) and ¢(T) for steel-
soil and concrete-soil are expressed according to experimental results [32,33].

2.6. Thermo-Hydro-Mechanical Equation Coupling

The coupled calculation of the thermo-hydro-mechanical fields for frost heave in the
pile—soil system requires a clear understanding of the interactions between these fields.
This study uses a simplified coupling approach: temperature changes (T) at the pile—soil
systeme upper surface induce water migration and freezing within the soil, leading to
variations of unfrozen water content (0u) and ice content (0r). These changes in Ou and Or
affect the soil thermal conductivity and heat capacity, thereby influencing the temperature
field. After establishing the hydro-thermal coupling relationship, it is assumed that the
stress field does not interfere with the distribution of the hydro-thermal fields. This as-
sumption allows for the calculation of ice content (0r) at each time step, which is then
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substituted into the soil strain Equation (9) to determine the soil volumetric frost heave.
As the temperature affects the soil Younge modulus, Poissones ratio, and the friction pa-
rameters at the pile-soil interface, the mechanical properties of the pile and soil are ex-
pressed as functions of T. By linking these mechanical parameters to soil frost heave, the
stress-strain field of the pile-soil system can be computed, achieving a coupled calculation
of the thermo-hydro-mechanical fields for frost heave in the pile-soil system. A schematic
diagram of the calculation process is shown in Figure 1.

Nagative

temperature Ll Ice
b v W Thermo Hydro | ———
Unfrozen c c ccscvscse i _)E' ® 0u : i '(t. Water
water \ .. ..., Te—y Coo g oo oW
SO L liiiiens
2
Ceeeeeannn < s

Pile Mechanical
©__fDisp.
Heave Volumetric
stress \ expansion

Figure 1. Flowchart of thermos-hydro-mechanical coupling calculation. (E. (8) represents Equation

@)

2.7. Implementation of Thermo-Hydro-Mechanical Coupling in COMSOL

COMSOL provides functions for simulating individual physical fields and for flexi-
bly coupling multiple physical fields to address linear and nonlinear, steady-state, and
transient problems. However, the existing physical field modules lack flexibility. There-
fore, this study utilizes the built-in coefficient form PDE (Partial Differential Equation)
module of COMSOL for custom development. The standard form of the coefficient form
PDE in this module is as follows:

e —+d —t+V~(—cVu—au+y)+/3Vu+au:f (13)

where u represents the dependent variable; e. is the mass coefficient (s); d. is the damping
coefficient; c is the diffusion coefficient (m?/s); a is the absorption coefficient (1/s); fis the
source term (1/s); a is the convective coefficient for conservative flux (m/s); § is the con-
vection coefficient (m/s); and v is the source term for conservative flux (m/s).

After constructing the geometric model, the thermo-hydro-mechanical coupling
equations derived previously are transformed into coefficient form ordinary differential
equations and imported via the PDE interface for computation.

3. Model Validation
3.1. Model Experiment

To verify the accuracy of the numerical model, the simulation of the unidirectional
freezing model test of an equal-diameter pile [32] was conducted first as comparative ver-
ification. The experiment was carried out in a model box with dimensions of 0.4 m x 1 m
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x 1 m. Its top plate was connected to a cold bath machine, while the bottom and sides were
covered with insulation material to create a stable one-dimensional freezing temperature
field inside the box. The soil used in the experiment was silt, with a maximum dry density
of 1.726 g/cm?, an optimum moisture content of 17.0%, a liquid limit of 27.3%, a plastic
limit of 17.4%, and a freezing temperature of —0.3 °C.

The pile material was steel, with a pile length (/) of 0.7 m, an embedded length (/1)
of 0.6 m, an exposed height of 0.1 m, and a pile radius (r) of 0.03 m. Soil samples with a
dry density of 1.6 g/cm?® and a moisture content of 22% were layered into the model box
and compacted. The temperature sensors were buried near the piles at depth intervals of
0.1 m. The top plate temperature decreased from the initial temperature of 15 °C to -10 °C
and was maintained during freezing. No external water supply was provided. The dis-
placement of the pile top was measured by dial gauges installed at the pile head, and the
soil temperature was monitored by temperature sensors embedded in soil during freez-
ing. Figure 2a shows the schematic diagram of the model test.

Cooling bath Qoard r Disp. sensor 0.0
—
10cm | | Refined
i ® 02} mesh
10cm I PY 2D Axisymmetric o
! model area go 4
10cm 1 N ~ Pile
——=e o
Im =
10cm 1 et
L e 0.6
10cm I A - Contact
; ° surface
10cm | 0.8F
i ry
e : \ <> ~Soil
I I Temperature 1.0+ ) ) ) .
1 sensor 0.00.10.20.3
1m Distance from the pile (m)
(a) (b)

Figure 2. Model test layout and model mesh. (a) Schematic diagram of model test; (b) Model

mesh.

3.2. Numerical Model and Parameters
3.2.1. Geometric Model, Boundary Conditions, and Mesh Generation

Due to the symmetry in the model geometry, boundary conditions, and loading con-
ditions, an axisymmetric modeling approach was employed to simplify the calculations.
Existing numerical simulation indicates that the frost heave of soil at a distance of 0.2 m
(6.7 times the radius of the pile) from the pile is no longer affected by the pile [32,33]. To
ensure that the size of the computational domain does not affect the results, the radial
extent of the soil domain was set to 10 r (0.3 m), with a height of 1 m, positioning the
bottom boundary of the computational domain approximately 0.67 i1 from the base of the
pile.

The initial temperature of the pile-soil system was set at 15 °C. The thermal boundary
condition at the upper boundary was defined as a Dirichlet boundary condition, with the
temperature function T(f) decreasing linearly from 15 °C to —10 °C within 0 to 10 h and
then maintained at —~10°C. The moisture boundary condition around the model was spec-
ified as zero flux. The mechanical boundary conditions for the pile top and the upper
boundary of the soil were defined as free boundaries, with the right side specified as a
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roller support and the bottom of the soil as a fixed constraint. Frictional contact is adopted
for the pile-soil interface, with friction coefficient i increasing linearly with the absolute

value of negative temperatures, ,LL(T ) =a, +b, |T , and constant cohesion co according to

experimental findings [32], where a3 and bs are fitting parameters.

Mesh discretization is particularly important in finite element analysis. In view of the
high degree of nonlinearity in the coupled thermo-hydro-mechanical model of the pile—
soil system, especially the complex variations of the three fields (thermal, hydraulic, and
mechanical) at the pile-soil interface, the mesh within the soil near the pile and frozen
depth range was refined. This refinement can improve mesh quality, thereby enhancing
the convergence of the model. The model mesh is shown in Figure 2b.

3.2.2. Computational Parameters

The parameters required for the soil are listed in Tables 1-3, which are proposed by
Wang [32] and Xu [28] based on the silt used in the studies. The material parameters of
the steel pile are E = 200x10° Pa and v = 0.25.

Table 1. Thermodynamic parameters of materials [32].

. P A C Tt
Material =4 o/na) W/(m °C) 1J/(kg-°C) °C B
Silt 1952 22 2.07 -0.3 0.47
Steel 7850 52.34 0.46 - -
Water 1000 0.63 4.2 - -
Ice 918 231 2.1 - -
Table 2. Soil hydraulic parameters [28].
Material ao(m™) m 1 ks(m/s) 0s O« w
Silt 2.65 0.26 0.5 107 0.26 0.05 0.22
Table 3. Other parameters in this study [32].
Constant m b a b: as bs co (kPa)
Value 9.39 5.38 0.35 -5.15 x 103 0.3 0.01 50

3.3. Comparison and Validation of Results

The development of frost depth and frost heave displacement is closely linked to the
freezing rate. Since the study referenced [32] does not specify the temperature control rate
used in the experiment, the temperature decrease rate of 2.5 °C/h employed in this study
may differ from that in the experiment. To minimize the impact of this discrepancy, a
comparative analysis was conducted based on achieving the same frost depth. In the ex-
perimental setup, the time corresponding to the stabilized frost depth tend is 75 h, whereas
in the numerical simulation, tend is 35 h. To facilitate a direct comparison, the freezing time
was normalized by the ratio #/tend. This normalization enables a more reasonable compar-
ison of the displacement responses between the experimental and simulated piles.

The frost depth of the model experiment was obtained by interpolating temperature
data at different depth positions, where the temperature at different positions was aver-
aged by the measurement results of four columns of temperature sensors set between the
piles and between the pile and the model box [32]. The frost depth of this simulation was
obtained by the temperature distribution along the center line of computational domain.
The comparisons of soil frost depth progression and pile frost jacking displacement dur-
ing the freezing are shown in Figure 3. It is evident from Figure 3a that the trend in frost
depth development predicted by the numerical simulation aligns reasonably well with
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the experimental observations. Both datasets show a rapid increase in frost depth in the
early stages, followed by a gradual leveling off in the later stages. Throughout the freezing
process, the numerical simulation consistently predicts a greater frost depth compared to
the experimental results, with a particularly notable discrepancy observed between t/tend
= 0.1 and t/tena = 0.2. The maximum overestimation of frost depth in the simulation is ap-
proximately 35%. This discrepancy is likely attributable to differences in boundary condi-
tions: the simulation assumes adiabatic boundaries for the lateral and bottom edges of the
soil and applies negative temperatures directly to the soil surface, which deviates from
the experimental conditions. In the experiment, the top plate of the model box did not
directly contact the soil but was separated by an air gap. Furthermore, the experimental
setup could not achieve perfect thermal insulation, leading to potential heat exchange
with the surroundings, which resulted in a lower freezing rate compared to that predicted
by the simulation.

14 7
6™ This simulation L’
12 e |-~ Model test (Wang, 2018)
»

5 1of g g5t
N gt e @4
S Pt e
5 6f J 83
2 / Z,
£ 4r ‘," =

2 .l —=— This simulation 1+

so - #- Model test (Wang, 2018) .
0 T Vode fest(Wang, 2 0 Mo
8_0 0.1 0.2 0.3 0.4 0.50.6 0.7 08 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1t end 1Z Tend

(a) (b)

Figure 3. Comparisons of experimental and simulation results. (a) Frost depth development. (b)

Pile frost jacking development [32].

Figure 3b shows the comparison of the pile frost jacking. The frost jacking obtained
from the simulation closely matches the experimental results. During the early stages of
freezing, when the frost depth is relatively shallow, the frost heave force is minimal, and
no frost jacking occurs. As the frost depth increases, the pile is progressively lifted. In the
period of t/tend < 0.9, the simulated pile frost jacking consistently exceeds the experimental
values. When t/tend = 1, corresponding to a frost depth of 12.4 cm, the simulated pile frost
jacking is 5.8 mm, which is approximately 9% lower than the experimental result of 6.4
mm. In the mid to late freezing stage (t/tenda > 0.6), the discrepancy in frost jacking between
the simulation and experiment varies from 0% and 30.7%, validating the reasonableness
and accuracy of the numerical model.

Figure 4 presents a comparative analysis of the temperature-time curves from both
the experimental measurements and numerical simulations. The figure shows that the
temperature trends for shallow soil layers in the experiment and simulation are consistent.
For depths such as P10 and P20, the temperature decreases significantly during the early
stages of freezing, followed by a slower rate of change, and eventually stabilizes in the
later stages. For the deeper soil layers (such as at P40 and P50), there are some differences
in temperature variation trends between the numerical simulation and the experimental
model. In the experimental results, the temperature of the deep soil gradually decreases
and eventually stabilizes at a specific value. In contrast, the numerical simulation shows
a continuous decline in temperature throughout the test period without reaching a stabi-
lization point. In spite of significant discrepancies between the simulated and experi-
mental temperatures at greater depths, both temperatures are above 5 °C at depths below
30 cm (where freezing terminates). This suggests that these differences are unlikely to
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affect the analysis of water migration and frost heave. Overall, at t/tend = 1, the temperature
measurements at all monitoring points show minimal deviation (ranging from 1.1 °C to
0.03 °C), which supports the validity of the proposed model.

18 —— Model test (Wang, 2018)
16 k.. oo This simulation

Temperature, 7(°C)
Ao hroawoio R

02 04 06 08 1.0
tt

o
<)

Figure 4. Comparisons of temperature development. The notation P10 represents the temperature
at a depth of 10 cm below the soil surface, and so forth [32].

Figure 5 illustrates the frost heave at the soil surface. The figure shows a minimum
soil displacement of 11.45 mm at the pile-soil interface. As the distance from the pile cen-
ter (Lr) increases, soil surface frost heave rises rapidly, reaching a maximum of 14.45 mm
at L:/r =3.7. Beyond this point, it gradually decreases, stabilizing at 13.65 mm for L:/r >9.7.
This indicates that the soil at the boundary heaves freely, being outside the piles influence
range. The frost heave displacement distribution on the soil surface relates to the piles
thermal conduction, which will be explained in the following analysis. The distance at
which displacement stabilizes suggests that the computational domain size meets the
analysis requirements.

15.0
14.5}
140}
135}
[0}
2130t
S 125t
B 12,07,
®11.5
(2]
z11.0f
L
T 105}
10.0

=056 —0—8—0=—"10
Relative distance from the pile center (L, /r)

Figure 5. Ground surface heave frost at ¢ = fena.

4. Implications and Discussion

To investigate the impact of pile material on the hydrothermal and mechanical fields
of the soil, a coupled hydrothermal-mechanical model was established for medium-diam-
eter (d = 0.5 m) circular cross-section concrete and steel piles. The study focuses on ana-
lyzing and discussing how the thermal properties of pile materials affect soil temperature
distribution, moisture migration patterns, and the displacement of both the pile and the
soil.
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4.1. Model and Parameters
4.1.1. Material Parameters

The material parameters for steel and silty soil remain consistent with those previ-
ously described. Additional shear and thermal parameters for the concrete—soil interface
are specified (Table 4). Based on experimental results for the frozen silty soil and concrete
interface [34], the relationship between the shear strength at the contact surface and the
negative soil temperature is described by Equations (14)—(16).

g, =u(T)o, +c(T) (14)
c(T)=73.84—-24.41T (15)
4(T)=tanp=tan(25.51+2.14687) (16)

where T denotes the negative temperature of the soil (°C). When the temperature is above
zero, it is considered to be zero for calculation purposes.

Table 4. Thermodynamic parameters of concrete [35].

. P A C E
Material kg/m? W/(m-°C) KJ/(kg-°C) kPa v
Concrete 2400 1.58 0.97 2.5x107 0.2

4.1.2. Geometric Model and Boundary Conditions

The pile radius is set to r = 0.25 m, with a pile length-to-diameter ratio L/d = 15. The
computational domain of soil is taken as 10 times the pile radius radially and two times
the pile embedded depth longitudinally based on the above analysis, which will not pro-
duce boundary effects. The mesh within frozen zones is refined, shown in Figure 6. The
thermo-hydro-mechanical conditions are configured as described in Section 3.2.2. The
temperature boundary at the soil surface is set to decrease linearly from 15 °C to =10 °C
over the time interval t = 0 h to 20 h and then remains constant at =10 °C until fenda =200 h.

1 0 N
Analysed area I Analysed Area
of of
e Figurel0,11,13,16  _ Figurel0,11,13,16
& £
N N 6
g £
& 5
a) A9
Pile Pile
Soil 12 Soil
15
o 1 2 3 0o 1 2 3
Distance from the pile (m) Distance from the pile (m)

() (b)

Figure 6. Mesh generation for pile-soil systems. (a) Concrete pile. (b) Steel pile.
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4.2. Temperature Field Analysis

Figure 7 illustrates the temperature-depth profiles within a depth range of 1.5 m at
different distances to the pile center at the end of the freezing. The intersections of the
curves with the vertical axis represent the frost depths at various locations. The figure
demonstrates that the soil temperature around the concrete pile is only slightly affected
by the pile itself. In contrast, the soil temperature around the steel pile is significantly
affected, with temperatures decreasing as the distance to the pile decreases. At the pile
wall (Li/r = 1), the frost depth reaches 1.3 m. As the distance to the pile center increases,
the frost depth decreases, and the differences in frost depths at different locations become
less significant. When L:/r > 5, the frost depths are nearly identical, approximately 0.4 m.
The difference in the temperature fields between the two piles is due to the significantly
higher thermal conductivity of steel compared to concrete. The negative temperature is
transmitted faster along the circumference of the steel pile, resulting in a faster tempera-
ture drop of the soil and greater frost depth near the steel pile.

Temperature, T (°C) Temperature, T (°C)
-12-10-8 -6 -4 -2 0 2 4 6 8 10121416 12108 6420 24 6 810121416
\.....\ O 2 eemeeen L‘/I/'Zl N
-....,,,; e L2
04"'*:,.,. ok LJr=3
0.6 ‘e, woove L Jr=4
L 08f N LIS
: Yy e L6
; 10} a, B
~Pile /é\ ~% /r:
;| Soil o o
: &) L
T 1.6

(a) (b)

Figure 7. Soil temperature distribution along depth (¢ = tend). (a) Concrete pile. (b) Steel pile.

Figure 8 depicts the developments of frost depth around piles made of two different
materials, as well as at the boundaries of the computational domain. Due to the large size
of the computational domain, the temperatures at the boundaries of both pile models are
identical. According to the boundary temperature conditions, subzero temperatures begin
to appear at the soil surface at ¢ = 12 h. Subsequently, the soil begins to freeze, with mois-
ture from the lower layers being drawn towards the freezing front due to the suction cre-
ated by low temperatures. When the latent heat caused by freezing of in situ water and
water drawn into the freezing fringe was not large enough to reach equilibrium with the
net heat extraction flux, the freezing front penetrated into a greater depth [14]. Comparing
the developments of frost depths around the two types of piles, it is evident that between
t=12h and t =60 h, the frost depth around the steel pile increases rapidly, reaching 88 cm
at t = 60 h. After t = 60 h, the rate of increase in frost depth around the steel pile slows
down, stabilizing at 130.3 cm by ¢ =200 h. In contrast, the frost depth around the concrete
pile develops at a slower rate, reaching only 40.3 cm at ¢ = 200 h. The frost depth around
the concrete pile differs only slightly from that at the boundary of the computational do-
main due to the similar thermal conductivity of concrete and silt, indicating minimal im-
pact of the concrete pile on the surrounding soil temperature.
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Figure 8. Development of frost depth around pile and at computational domain boundary.

Figure 9 presents the frost depth lines for two piles made of different materials at
freezing times of 50, 100, 150, and 200 h. It reveals that for the steel pile at t = 50 h, the
freezing depth near the pile (L:/r = 1) reaches 83 cm. Moving away from the pile, the freez-
ing depth decreases rapidly, dropping to 22.5 cm at L =2 r. Beyond 3 7, the rate of decrease
in frost depth slows down. For the concrete pile at t =50 h, the frost depth around the pile
is only 18.5 cm, and at L= 2 r, the frost depth is 16.8 cm, showing a slower rate of decrease
than for the steel pile. At L= 3 r, the soil frost depths for both the steel and concrete piles
converge. As the freezing duration increases, the radial influence range of the pile material
on the frost depth expands. At t =50 h, the frost depths of the soil around both pile types
are similar at L:= 3 r, indicating that 3 r is the influence range. This radial influence range
extends from 4 r to 6 r when ¢ is from 100 h to 200 h.

140 -
(200h) !
120 (150m)
i L (100n)
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S 60F
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’g 401 @oon B
= 150h
i ((10011)) d
20+ (50h) o—
0 1 1 1 1 1
0 1 2 3 4 5 6

Relative distance from pile center, L /r
Figure 9. Frost depth lines at different freezing times for two piles.

4.3. Analysis of the Moisture Field

Figure 10a,b presents the ice volume fraction distribution within a depth range of 1.5
m at the end of freezing for both types of piles. It can be observed that the ice layers in the
soil around the concrete pile are distributed almost horizontally. In contrast, the ice layers
around the steel pile exhibit an “inverted L-shaped” distribution, indicating both vertical
and horizontal freezing phenomena. This difference is attributed to the faster temperature
decline of the steel pile, which results in a pronounced lateral temperature gradient
around the pile. Consequently, water in the unfrozen soil migrates towards the pile, with
the ice formation near the pile supplied by moisture from both the lower and lateral di-
rections.
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Figure 10. Ice content contours of the soil and the distribution curves of ice content with depth (f = fend).
(a) Ice content contours of the soil (Concrete pile). (b) Ice content contours of the soil (Steel pile). (c)
The distribution curves of ice content with depth (Concrete pile). (d) The distribution curves of ice

content with depth (Steel pile).

As the distance from the pile increases, the water accumulation in frozen soil becomes
less influenced by the pile thermal boundary. The thickness of the ice layer decreases rap-
idly, and beyond a distance of 5.0  from the pile, the ice layer becomes predominantly
horizontal. The depth of the ice layer at the pile wall is 3.3 times that of the ice layer in the
more distant soil. Within a radial distance of 1 r to the pile wall, the average depth of the
ice layer is 2.6 times that of the soil further away.

Figure 10c,d illustrates the variation in ice content of the soil at different radial dis-
tances from the pile with depth at the end of freezing. It can be seen that once freezing has
stabilized, the distribution of ice content along the depth is similar around both types of
piles. Ice content is the highest at or near the ground surface and decreases rapidly with
increasing depth, reaching a minimum value. Then, the ice content begins to increase
again with depth, resulting in a second peak.

Ice accumulation at the ground surface is attributed to the “pot-cover effect” [36].
Moisture within the soil is drawn upwards due to temperature and capillary forces and
evaporates near the surface. When an impermeable cover is present at the surface, this
evaporation process is impeded. Additionally, because unsaturated soil has a certain ca-
pacity for water storage, the soil beneath the cover layer accumulates increasing amounts
of moisture. This phenomenon is similar to moisture accumulation under a pot. In the
numerical simulations, the boundary condition for the moisture field at the soil surface is
set to zero flux, analogous to the conditions produced by the “pot-cover effect.”
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Additionally, ice accumulates within a certain thickness of the surface soil layer, leading
to the highest volumetric ice content and total water content (Figures 11).
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Figure 11. Temperature and total water content distribution in soil adjacent to piles (L:/r = 1.0) at
different times. “F.D.” represents the frost depth of the soil at that time. “C.W.” represents the ces-
sation point of water migration, indicated by a blue circle. (a) Temperature distributions (Concrete
pile). (b) Temperature distributions (Steel pile). (c) Total water content distribution (Concrete pile).
(d) Total water content distribution (Steel pile).

Figure 11 depicts the variations in temperature and total water content along the pile
during the freezing process. As shown in Figure 11c,d, due to the vertical temperature
gradient, moisture migrates upward, causing the total water content above the freezing
front to exceed the original water content. Additionally, the temperature gradient de-
creases with increasing soil depth, leading to a relatively dry zone below the freezing front
due to the suction effect of the overlying frozen soil and insufficient replenishment of
moisture from below. Ultimately, at a certain depth, water migration ceases, and water
content remains at its initial level.

The comparisons of the total water content in the soil above the frost depth line at
different times reveal that water content in a certain area above the frost depth continues
to increase with freezing time, indicating that water migration still occurs in the frozen
soil. For example, in the concrete pile-soil system, at f = 20 h, the total water content Or at
the frost depth (Z =7.4 cm) is 0.23. At t =80 h, Or continues to increase in the range of Z =
7.4 cm to Z =5 cm. Further observation reveals that the total water content in the range of
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Z=0cm to Z=>5 cm does not change. This is because the hydraulic conductivity of the
frozen soil decreases sharply with decreasing temperature, and a critical hydraulic con-
ductivity exists that prevents moisture migration [5]. The point at which total water con-
tent remains unchanged corresponds to the critical hydraulic conductivity.

In Figure 11c,d, the last coincidence or nearly coincidence point of the total water
content curves at different times represents the cessation point of water migration, with
the corresponding temperatures (Ts) ranging between -2 °C and -1 °C. To visually analyze
the decrease in hydraulic conductivity with temperature, the relative hydraulic conduc-
tivity k:is defined as shown in Equation (17).

k. =k/k, (17)

where k is the hydraulic conductivity of frozen soil (m/s), and ku is the hydraulic conduc-
tivity of the unfrozen soil (m/s).

Figure 12 presents the curve of relative hydraulic conductivity (kr) as a function of
temperature in the frozen region and compares it with the values obtained from unidirec-
tional freezing experiments on silt conducted by Chen et al. [37]. In double logarithmic
coordinates, negative temperature is represented in absolute value. The relative hydraulic
conductivity trend obtained from this simulation closely matches the experimental re-
sults: at the onset of negative temperature, kr decreases slightly; as the temperature con-
tinues to drop, the hydraulic conductivity of frozen soil decreases almost linearly with
temperature in double logarithmic coordinates, which is consistent with previous findings
[10,11]. The discrepancy in the starting temperature of the K: decline between simulation
and experiment may be due to soil properties and freezing temperature.
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109.61 0.1 2
Temperature, T (°C)

Relative hydraulic conductivity, K

Figure 12. Temperature-dependent relative permeability curves obtained from this simulation and

existing experiments [37].

The region between the temperature corresponding to the critical hydraulic conduc-
tivity and the soil freezing temperature is termed the “freezing fringe”. In this region, soil
still exhibits relatively high hydraulic conductivity, allowing water to migrate. The critical
relative hydraulic conductivity obtained from the numerical simulation ranges between
10 and 10

A comparison of the total water content at the frost line at different times in Figure
11c,d reveals that the total water content at the frost line increases over time. This is be-
cause as the frost depth increases, the difference between the rate of heat extraction above
the freezing fringe and the rate of heat supply below the freezing fringe becomes smaller,
and water migration towards the freezing front is able to last for a longer time, resulting
in a larger accumulation of ice in the freezing fringe [14]. It can also be observed that due
to the bidirectional temperature gradient, the total water content on the steel pile side is
higher than that on the concrete pile side. To analyze the freezing of water in the frozen
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zone, the ice content and unfrozen water content of the soil adjacent to the piles were
extracted at 5 cm intervals, as shown in Figure 13. As seen in Figure 13a,b, the ice content
within a certain range above the frost line continues to increase with increasing freezing
time. For example, in the concrete pile system, at t = 20 h, the soil above the frost line (Z =
7.4 cm) exhibits varying degrees of ice content. During 20 h <t <80 h, the ice content in
the frozen soil layer at depths ranging from 0 cm to 7.4 cm continues to increase. At t = 80
h, the frost depth reaches 30 cm, and during 80 h <t < 140 h, the ice content in the frozen
soil layer at depths from 10 cm to 30 cm also continues to increase. At t = 140 h, the frost
depth reaches 40 cm, and during 140 h < t <200 h, the ice content in the frozen soil layer
at depths from 20 cm to 40 cm continues to increase. Comparing the variation rule of ice
content with the temperature field, it is found that the points where the ice content no
longer changes (the points where ice content curves coincide, indicated by the blue circles)
correspond to a soil temperature (Tis) of approximately —6 °C.
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Figure 13. Distribution of ice and unfrozen water contents at the sides of the piles (L:/r = 1.0) at
different times. “S.I1.” represents the points where Or stops increasing, indicated by a blue circle. (a)
Distribution of ice content (0r) (Concrete pile). (b) Distribution of ice content (Or) (Steel pile). (c)
Distribution of unfrozen water content (6u) (Concrete pile). (d) Distribution of unfrozen water con-
tent (Ou) (Steel pile).

Figure 14 illustrates the relationship between the relative ice content (61/0r) and tem-
perature in the zone where Or remains unchanged (T < Ts) in the pile-soil system. It can
be observed that the ratio of ice content to total water content (61/01) increases logarithmi-
cally as the temperature drops below Tt in the region where the total water content no
longer changes. Additionally, the rate of change of the ratio of ice content to total water
content (01/01) gradually diminishes as the temperature continues to decrease. When T <
Tis, 01/0r remains nearly constant, ranging between 0.85 and 0.9.
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Figure 14. Distribution of the ratio 61/6r with temperature at locations with constant total water

content in soil.

The relationship between relative ice content and temperature obtained from the nu-
merical simulation of the pile-soil system during the freezing process is similar to the ice
content variation observed in small-scale unidirectional soil column freezing experiments
[12,38,39]. Zhang et al. [12] found that the temperature corresponding to the stabilization
of unfrozen water content in frozen silt was -8 °C, which is close to the value of Tis (=6 °C)
obtained in this simulation. The discrepancy may arise from differences in soil properties
and water content.

Combining the above findings on water migration and freezing patterns in frozen
soil, it can be concluded that there are two factors to make the ice content increase contin-
uously within the soil layer with temperatures between Tis and Tt above the original frost
line: Firstly, there is still a relatively high hydraulic conductivity in the region with tem-
peratures between Ts (-1 °C ~ -2 °C) and T, allowing water below to continue supplying
this area under the influence of low-temperature suction. Secondly, as the temperature in
the frozen soil continues to decrease, the in situ water in the soil with temperatures be-
tween Tis and Tt freezes more thoroughly, leading to an increase in ice content.

4.4. Analysis of Tangential Frost Heave Stress

The tangential frost heave stress along the pile side and the temperature of the soil
adjacent to the pile were extracted within the frozen depth range at different freezing
times. The average tangential frost heave stress, the average soil temperature, and the soil
freezing rate (i.e., the change in frost depth per unit of time) were plotted over time, as
shown in Figure 15.
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Figure 15. Evolution of tangential frost heave stress on the pile side, soil temperature, and soil freez-
ing rate. (a) Concrete pile. (b) Steel pile.
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As shown in Figure 15, the development curves of the average soil temperature and
freezing rate adjacent to steel and concrete piles have similar trends: a rapid decrease, a
gradual decrease, and a stable phase. However, there are specific differences in these
phases. Due to bidirectional freezing around the steel pile, the soil temperature decreases
more rapidly in the first 80 h compared to the concrete pile, leading to a higher freezing
rate. The stable freezing rates for the concrete and steel piles are 0.2 cm/h and 0.11 cm/h,
respectively. At the end of the freezing period, the average soil temperatures around both
piles are essentially the same.

The development curves of tangential frost heave stress for both pile types exhibit
the following characteristics: during the initial freezing phase, the freezing rate and aver-
age soil temperature around the piles are relatively high, resulting in lower tangential
frost heave stress. As the freezing process progresses, both the freezing rate and the aver-
age temperature decrease, leading to an increase in tangential frost heave stress. When
comparing the two pile types, it is evident that the tangential frost heave stress around
the steel pile is considerably higher than that around the concrete pile. This disparity in
tangential frost heave stress between the two pile types is attributed to the differences in
the thermo-hydro-mechanical coupling fields.

There is a close relationship between soil temperature and freezing rate. During the
initial freezing stage, the soil temperature is relatively high, and the freezing rate is rapid.
As the freezing process progresses, the soil temperature gradually decreases, and the
freezing rate slows down. This relationship can be explained through the heat conduction
equation and phase change theory (Equation (1)). Specifically, the water content in the soil
releases latent heat during freezing, which leads to a gradual reduction in the rate of tem-
perature decline [14]. Therefore, in the early stages of freezing, the combination of higher
soil temperature and faster freezing rate results in lower average tangential frost heave
stress. As the freezing process advances, the decrease in soil temperature and the slowing
of the freezing rate lead to a gradual increase in the average tangential frost heave stress.
This is consistent with the conclusions drawn by L. Domaschuk [40].

The material properties significantly influence the evolution of tangential frost heave
stress. The high thermal conductivity of steel piles leads to the presence of both lateral
and longitudinal temperature gradients in the surrounding soil, resulting in a higher ice
content within the soil and consequently generating greater tangential frost heave stress.
Furthermore, as indicated by Equation (13), the lower temperature of the steel pile
strengthens the ice bonding at the interface between the pile and frozen soil, further exac-
erbating the difference in tangential frost heave stress. These combined factors contribute
to the larger tangential frost heave force observed on the steel pile side.

At the end of freezing, the average tangential frost heave stresses for the concrete pile
and steel pile reach 200.2 kPa and 267.7 kPa, respectively. These values are consistent with
published tangential frost heave stress of piles obtained from field tests in clayed silt or
silt [1], where they are 70220 kPa for concrete piles [41] and 152-283 kPa for steel mate-
rials [42].

Figure 16 further illustrates the distributions of soil temperature, tangential frost
heave stress, and ice content around the piles at the end of freezing (t = 200 h). It is shown
that the tangential frost heave stress decreases gradually with increasing depth. The rate
of decrease is faster near the ground surface and slower close to the freezing front. Similar
to the tangential frost heave stress, the ice content also decreases with depth, but with
differing trends: near the surface and the freezing front, the ice content changes more rap-
idly, while in the middle region of the frozen soil, the change is moderate. As the ice con-
tent increases, frost heave becomes more pronounced, resulting in a greater frost heave
force acting on the pile. For the steel pile, between the depths of 50 cm and 110 c¢m, there
is no significant decrease in the volumetric ice content, whereas the tangential frost heave
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stress decreases slowly with depth. This is because the ice bonding between the pile and
the soil weakens as the temperature increases, reducing the freezing stress. The lowest soil
temperature and highest ice content are found near the surface, leading to the maximum
tangential frost heave stress. They are 897 kPa for the steel pile and 432 kPa for the con-
crete pile, with the steel pile experiencing approximately twice the stress of the concrete
pile.
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Figure 16. Temperature, ice content, and tangential frost heave stress on the pile side at f = tend. (a)

Concrete pile. (b) Steel pile.

5. Discussion
5.1. Impact of Pile Material on Frost Heave Patterns

The above analysis elucidates how differences in thermal properties between steel
and concrete piles, as well as mechanical characteristics at the interface with frozen soil,
affect the soil temperature field, moisture distribution, and tangential frost heave stress
during freezing. It also clarifies the moisture migration process and the temperature re-
sponse of relative ice content. Based on this analysis, Figure 17 illustrates the frost heave
patterns of concrete and steel piles. As shown in the figure, under identical subzero
ground conditions, the thermal conductivity of concrete (A =1.58 W/(m-°C)), being similar
to that of the surrounding soil (A = 2.2 W/(m-°C)), results in minimal temperature differ-
ences between the pile and the adjacent soil (as shown in Figure 7a). Heat transfer along
the pile and soil occurs almost synchronously, keeping the temperature boundary condi-
tions of the soil relatively stable. This results in a unidirectional freezing mode, where the
frost depth line runs parallel to the frost heave ground surface, forming an approximately
linear (“—-shaped”) freezing zone (as shown in Figure 10a).
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Figure 17. Comparison of frost heave patterns for concrete and steel piles.

In contrast, the thermal properties of the steel pile differ significantly from those of
the surrounding soil, with steel thermal conductivity being markedly higher (A = 52.34
W/(m-°C)). This causes subzero temperatures at the ground surface to propagate more
rapidly along the steel pile, forming a lateral thermal conduction boundary at the pile—
soil interface (as shown in Figure 7). As a result, the soil exhibits a bidirectional freezing
pattern. The frost depth develops most rapidly along the pile, forming an approximately
“inverted L-shaped” freezing zone (as shown in Figure 10b), with deeper soil layers
around the pile freezing over a certain range.

Under the “suction effect” generated by the temperature gradient in the frozen zone,
unfrozen water migrates towards the ice front and above, and as the temperature contin-
ues to decrease, the ice content increases, eventually reaching a stable value at a certain
negative temperature (Tis). Because the temperature around the steel pile is lower than
that around the concrete pile, the ice content in the soil at the same depth is higher. (As
shown in Figure 10c,d, after freezing, the ice content in the shallow soil around the con-
crete pile is 0.35, while the ice content in the shallow soil around the steel pile is 0.45.) This
results in greater soil frost heave and compressive stress, thus leading to larger tangential
frost heave stress on the steel pile. (As shown in Figure 15, after freezing, the average
tangential frost heave force exerted on the concrete pile is 220 kPa, while the average tan-
gential frost heave force on the steel pile is 283 kPa.) Moreover, the greater frost depth
around the steel pile increases the total tangential frost heave force along the frost depth,
ultimately causing a larger frost jacking for the steel pile.

5.2. Frost Heave Displacement

Significant frost heave displacement or uneven frost jacking of foundations can cause
cracking or damage to the superstructure. However, foundation design in frozen soils
typically emphasizes bearing capacity, with less focus on the effects of frost jacking dis-
placement. This section further explores how foundation materials influence ground sur-
face frost heave and foundation frost jacking displacement.

Figure 18a,b shows the vertical deformation of the soil within a depth range of 1.5 m.
It is evident that the pile has a significant impact on the displacement of the surrounding
soil. Displacement contours around the concrete pile are relatively smooth, while those
around the steel pile become denser near the pile, indicating a steeper displacement gra-
dient. This occurs because a bidirectional freezing boundary forms in the soil around the
steel pile, causing moisture to migrate both upward and radially toward the pile. The
closer the soil is to the pile, the more it is constrained, which leads to a gradual reduction
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in ground surface frost heave near the pile for the concrete pile. For the steel pile, the ice
content near the pile is higher than in the far field, which leads to greater surface frost
heave near the pile. However, under the constraint of the pile, the surface frost heave
around the steel pile is not the maximum. The surface frost heave curve of the steel pile
shows a protrusion at a certain distance from the pile, and the peak occurs at L:/r = 3, as
shown in Figure 18c.
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Figure 18. Contours of vertical displacement of soil and ground surface displacement at ¢ = fend (mm).

(a) Soil around concrete pile. (b) Soil around steel pile. (¢) Ground surface.

Figure 19 illustrates the pile frost jacking and pile—soil relative displacement during
freezing. It is shown that neither pile exhibits frost heave displacement when t <20 h.
After that, pile frost jacking progressively increases with freezing time. The frost heave
displacement of the steel pile consistently exceeds that of the concrete pile. Between t =
100 h and 140 h, the frost jacking of both piles increases almost linearly with time. Then,
the rate of increase slows down. At the end of the freezing, the frost heave displacement
of the steel pile is approximately 2.3 times greater than that of the concrete pile. The de-
velopment of pile-soil relative displacement for both piles indicates that the settlement of
the concrete pile relative to the ground surface gradually increases as freezing time in-
creases. Notably, after > 80 h, the relative displacement of the concrete pile exceeds that
of the steel pile, and its settlement is approximately 10.6 mm relative to the surface at the
end of the freezing. Conversely, the relative settlement of the steel pile decreases after ¢ >
40 h and tends to stabilize.
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Figure 19. Frost jacking of piles and pile-soil relative displacements during freezing (mm).

The relationship between the frost jacking of the pile and the soil frost depth is de-
picted in Figure 20, where frost depth is that of the far-field soil. During the early freezing
stages, shallow frost depth produces small frost heaving forces, and consequently, no frost
jacking occurs in either pile. Hence, frost heave displacement starts to be recorded when
the frost depth reaches 15 cm. The graph illustrates that frost jacking of both piles exhibits
a strong linear relationship with frost depth, with the fitted functions shown in Figure 20.
This observation aligns with the results previously obtained in steel pile model tests [31].
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Figure 20. Relationship between pile frost jacking and frost depth.

For the steel pile, frost jacking increases linearly with the growth rate k (frost heave
rate) of 0.402 as the frost depth increases. This rate falls within the range of frost heave
rates (0.132 < k < 1.44) obtained in previous model tests on screw piles and uniform diam-
eter piles [32]. In these model tests, the frost heave rate of uniform diameter steel piles was
approximately 1.0, higher than that obtained in this simulation. This discrepancy may re-
late to model size, as smaller pile diameters tend to result in higher frost heave rates. The
rate of frost jacking for the concrete pile is 0.1934, approximately half that of the steel pile.

This indicates that if concrete and steel piles of the same dimensions are used in the
same region, the frost jacking of steel piles will be much greater than that of concrete piles,
potentially causing more severe damage to the superstructure. Therefore, in cold regions,
addressing the issue of frost jacking in steel piles and implementing effective prevention
measures are crucial.

6. Conclusions

This study performed coupled thermo-hydro-mechanical calculations for pile—soil
systems in cold regions using the finite element software COMSOL. The feasibility of the
numerical model was validated by comparing it with existing experimental results. Then,



Buildings 2025, 15, 534

24 of 27

thermo-hydro-mechanical fields in concrete and steel pile-soil systems during freezing
were simulated, and the differences were analyzed. The main conclusions are as follows:

(1) The pile material significantly influences the temperature field of the surrounding
soil. Compared to concrete piles, steel piles with higher thermal conductivity have a more
substantial effect on the soil freezing rate and frost depth. The frost depth of soil surround-
ing the steel pile can be more than three times that of the concrete pile when freezing is
stable. As the distance to the pile center increases, the influence of the pile material on the
frost depth diminishes.

(2) During the freezing process, due to the temperature gradient, moisture from the
unfrozen area migrates into the soil above the frost depth, increasing the total moisture
content in the frozen zone. The moisture migration rate in the frozen region decreases
rapidly with the continuous decrease in temperature. When the soil temperature reaches
a certain temperature Ts (—1~-2 °C), the relative hydraulic conductivity decreases to be-
tween 10 and 10 At this point, it can be considered that moisture migration in the fro-
Zen zone ceases.

(3) The tangential frost heave stress exerted on the pile is influenced by multiple fac-
tors, including freezing temperature, freezing rate, and ice content. The maximum tan-
gential frost heave stress occurs at the top of the pile. At the end of the freezing, the aver-
age and maximum values of the tangential frost heave stress on the concrete pile are 200.2
kPa and 432 kPa, respectively. These values are lower compared to those for the steel pile,
which experiences an average tangential frost heave stress of 267.7 kPa and a maximum
value of 897 kPa.

(4) A comparative analysis of the differences in hydrothermal and mechanical fields
during freezing between steel piles and concrete piles reveals two distinct freezing modes
within the soil. The thermal conductivity of concrete, being similar to that of the surround-
ing soil, results in a unidirectional freezing pattern around the concrete pile. Steeles ther-
mal conductivity is significantly higher than that of the soil, resulting in a bidirectional
freezing pattern around the steel pile, which causes deeper soil freezing within a certain
range near the pile. Upon reaching thermal equilibrium, the frost jacking of the steel pile
is approximately 2.3 times greater than that of the concrete pile. Therefore, in cold regions,
the potential for damage induced by frost heave should be carefully considered when se-
lecting steel as the pile material.

The explanations in this study concerning moisture migration patterns and frost
heave mechanisms in the pile-soil system during soil freezing still require further exper-
imental and theoretical validation. Additionally, this numerical model examines only the
impact of pile material on the frost heaving characteristics of the pile—soil system during
the freezing process. The effects of pile material on thaw settlement during freeze-thaw
cycles also warrant further exploration.
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Nomenclature

The following symbols are used in this paper (symbols are arranged in the order of their ap-

pearance):
p density of the soil (kg/m?)
p1 density of the ice (kg/m?)
0 volumetric water content
o1 volume fraction of pore ice
A(6) thermal conductivity of the soil (W/(m-°C)
C(6) volumetric heat capacity of the soil (kJ/(kg-°C)
L latent heat of phase change, typically taken as 334.56 kJ/kg
ps density of the pile (kg/m?3)
Cs volumetric heat capacity of the pile (kJ/(kg-°C)
As volumetric heat capacity of the pile (W/(m-°C)
Ou volumetric content of unfrozen water in frozen soil
k(6v) hydraulic conductivity in the direction of gravitational acceleration (m/s)
D(6u) the diffusivity of water in frozen soil (m?/s)
¢(Ov) specific water capacity (m™)
I the impedance factor
ks hydraulic conductivity of saturated soil (m/s)
S relative saturation of the frozen soil
Or residual water content
0Os saturated water content
ao, m, parameters that vary with soil properties
Tt freezing temperature of the soil (°C)
B constant related to soil type and salinity
n frost heave rate
wei(x,y) mass fraction of the ice content 01(x,y)
qt shear strength at the pile-soil interface varies (kPa)
ku the hydraulic conductivity of the unfrozen soil (m/s)
Or total water content
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