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Abstract: The freeze-sealing pipe roof (FSPR) method has been applied to the Gongbei tunnel of the
Hongkong–Zhuhai–Macau Bridge, which is the first application of this method in the world. The
purpose of the ground-freezing method is soil waterproofing. Temperature is an important indicator
for measuring the freezing effect; however, the FSPR method involves unsteady-state conjugate
heat transfer between frozen soil, steel pipes, concrete, air, and other media. This paper proposes
an unsteady-state conjugate heat transfer model and establishes a global solution algorithm of a
strong coupling governing equation based on the virtual density method. Then, a calculation based
on COMSOL software is realized and validated. The sensitivity of different factors such as initial
formation temperature, different soil layers, and brine temperature on the freezing effect was studied
by simulating the FSPR model. It is concluded that the brine temperature had a greater impact
on the freezing effect, followed by the soil layer, whereas the formation temperature had the least
impact. For muddy silty clay, if the brine temperature is −20 ◦C, it takes 44 days to meet the design
requirements of 2 m. If the brine temperature is −30 ◦C, 27 days is enough. When the formation
temperature is 20 ◦C, it takes 20 days for medium gravel sand to reach the thickness of the freezing
curtain, and 32 days for muddy silty clay. Compared to other soil layers, the freezing effect of the
medium gravel sand is relatively better. This research has a certain impetus to similar multimedia
freezing heat transfer issues.

Keywords: freeze-sealing pipe roof (FSPR) method; artificial ground freezing; frozen soil; heat
transfer; freezing effect

1. Introduction

The freeze-sealing pipe roof (FSPR) method is a new type of tunnel construction
method combining the artificial ground freezing method with the pipe-roofing method [1].
It was first applied to the Gongbei tunnel of the Hong Kong–Zhuhai–Macao Bridge [2].
Many scholars have studied the FSPR method through theoretical derivation, laboratory
experiments, field tests, and numerical simulation [3,4]. Also, some scholars studied the
design and construction of the pipe-shed freezing method. However, there is a fundamental
difference between pipe-shed freezing and the FSPR method. For the FSPR method, the
purpose of the freezing method is soil waterproofing rather than loading, and temperature
is an important indicator to measure the freezing state [5]. At present, there are analytical
solutions and numerical analysis methods for studying the temperature field. However, the
analytical solution must be based on the specific pipe position layout [6], which does not
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apply to the special pipe position layout of pipe-curtain freezing [7,8]. Because the frozen
pipe in the FSPR method is set inside the steel pipe, its heat conduction mode is different
from that of the traditional frozen pipe directly contacting the soil. The heat transfer process
involves different media such as concrete, steel pipe, soil, air, etc. [9]; thus, the numerical
calculation method is more complicated. Relevant scholars have used numerical calculation
to analyze the freezing temperature field of the FSPR method [10]. An analytical solution
for the temperature field of the FSPR method is based on the Laplace equation boundary
conditions for the dislocation arrangement of the single circle pipes [11]. The above research
greatly simplifies the model and does not fully consider the heat transfer process between
steel pipe, concrete, soil, air, and other media. Therefore, unsteady-state conjugate heat
transfer theory is applied to the numerical simulation of the FSPR method [12], which has
been applied to the simulation of high-pressure turbines and certain fluid-related parts of
aircraft [13]. The term conjugate heat transfer refers to a heat transfer process involving
the interaction of heat conduction within a solid body with either the free [14], forced, or
mixed convection from its surface to a fluid flowing over it [15]. It finds application in
numerous fields, from thermal interaction between surrounding air and fins to thermal
interaction between flowing fluid and turbine blades [16–18]. At present, there is no
freezing simulation of engineering temperature field involving three media such as that of
the FSPR structure. Based on the above, this paper takes the FSPR method of the Gongbei
tunnel as the research object, proposes an unsteady-state conjugate heat transfer model,
establishes a global solution algorithm of a strong coupling governing equation based on
the virtual density method that can accurately describe this kind of heat transfer process,
and analyzes the sensitivity of the factors such as initial formation temperature, different
soil layers, and brine temperature affecting the FSPR effect.

2. Engineering Description of FSPR Method in Gongbei Tunnel

Gongbei Tunnel is the critical link connecting the Hong Kong–Zhuhai–Macao Bridge
and Zhuhai [19]. It was constructed with the FSPR method, which is the combination of
the pipe-roofing method and artificial ground-freezing method. The layout of the FSPR
method is shown in Figure 1 [20]. It is composed of 36 steel jacking pipes with a diameter of
1620 mm and a thickness of 20 mm. Odd-numbered steel pipe jacking is filled with concrete.
Even-numbered steel pipe jacking is empty pipes, which are in a staggered layout, and the
spacing between pipes is 357 mm. Considering that it is convenient for the overlapping
of temporary support during the construction, the two kinds of steel pipe jacking are in
staggered layout. The height difference of the circle center is 300 mm, and the buried depth
of the tunnel is 4–5 m.

The construction of Gongbei tunnel consisted of four stages, the pipe jacking stage,
the freezing stage, the tunnel excavation stage, and the thawing stage. In the construction
stage of the pipe jacking, 36 steel pipes were sequentially jacked into a ring-shaped support
system by the pipe jacking machine. In the freezing stage, the low-temperature brine was
circulated through the freezing tubes such as the circular freezing tube, the enhancing
freezing tube, and the limiting freezing tube, so that the frozen soil reached the designed
thickness, forming a waterproofing curtain. The tunnel excavation stage excavated the soil
in different areas step by step, and the thawing stage restored the frozen soil to normal
temperature soil by circulating high-temperature brine after the excavation was completed.

Considering the calculation efficiency and symmetry of the structure, the typical part
of the above-mentioned FSPR was taken as the research object, including solid steel pipe,
hollow pipe, and the frozen soil between pipes, as shown in Figure 2.
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3. Calculation Model of Unsteady Conjugate Heat Transfer of FSPR Method
3.1. Mathematical Calculation Model

There are three types of freezing tubes in the FSPR method of the Gongbei Tunnel:
master freezing tubes with a diameter of 133 mm and thickness of 4 mm, limiting freezing
tubes with a diameter of 133 mm and thickness of 4 mm, and enhancing freezing tubes
with a diameter of 159 mm and thickness of 4.5 mm. The layout of the freezing tubes is
shown in Figure 3.
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The freezing phase can be divided into the active freezing phase and the maintainable
freezing phase. The construction conditions of the two phases are completely different. In
the active freezing phase, the soil below the pipe-roofing has not been excavated, and the
model can be simplified into two-dimensions for convenience of calculation, as shown in
Figure 4a. In the maintainable freezing phase, the soil in the tunnel has been excavated, the
boundary condition is shown in Figure 4b.
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The left and right sides of the model are soil. According to the symmetry, it is set as
the second-type boundary condition, corresponding to the Neumann boundary condition,
which can be expressed as

qw = −λ(
∂T
∂n

)
w

, t > 0 (1)

where qw is the heat flux value (W/m2), λ is the thermal conductivity (W/(m·K)), n is
the normal direction at the boundary, w is the interface, T is the temperature (K), and t is
the time (s).

Since the left and right sides are symmetrical, it is assumed that all heat fluxes passing
through the left and right sides are zero.

The upper edge of the model is the surface, which is set as the third-type boundary
condition, corresponding to the Robin condition, which can be expressed as

− λ

(
∂T
∂n

)
w
= h

(
Tw − Tf

)
(2)

where h is the surface heat transfer coefficient (W/(m2·K)).
The freezing tube is a given temperature boundary, set as the first-type boundary

condition, corresponding to the Dirichlet condition, which can be expressed as

Tw = const, T > 0 (3)

The continuity condition of conjugate heat transfer interface is as follows: the conjugate
heat transfer interface between soil and air is a steel pipe wall where the continuous
conditions of temperature and heat flow shall be met; the expressions are

TW |I = TW |II (4)

qW |I = qW |II (5)

In Equations (4) and (5), I and II represent the two regions.
In this model, the air is assumed to be laminar. At this time, the heat transfer of the air

next to the steel pipe is heat conduction, and the expression for the continuous condition of
heat flow is

−λs(
∂T
∂n

)
w

∣∣∣∣
I
= h f (Tw − Tf )

∣∣∣
II

(6)

where h f is the coefficient of flow heat transfer, λs is the thermal conductivity of the solid,
Tw is the interface temperature, and its expression is

h f =
q

Tw − Tf
= −

λ f

Tw − Tf
(

∂T
∂n

)
w

(7)

where λ f is the fluid thermal conductivity.
The heat transfer model in the solid adjacent to the interface is heat conduction, and

the expression of the heat flow continuity condition is

−λs(
∂T
∂n

)
w

∣∣∣∣
I
= −λs

Tw − Ts

∆n

∣∣∣∣
I

(8)

where Ts is the solid temperature and ∆n is the distance between the interface and the
center point of the solid unit.

3.2. Governing Equation
3.2.1. Fluid Domain Governing Equation

In this two-dimensional model, air heat transfer is regarded as fluid heat transfer,
and the fluid domain control equation is represented by three types of control equations
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(continuity equation, motion equation, and energy equation) [21–23]. The description
method adopts the Euler description method. Unless otherwise specified, rectangular
coordinates are used to represent Euler coordinates.

The continuity equation is determined according to the Law of Conservation of Mass.
In the rectangular coordinate system, the differential form of the continuity equation can
be expressed as

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
= 0 (9)

where ρ is the fluid density (kg/m3), v is the velocity vector (m/s) and its components in
the x, y directions are recorded as u, v, respectively, and t is time. The first term represents
the mass increment per unit volume in unit time; the last three items represent the net
outflow of mass per unit time and unit volume.

It can be expressed in vector form by using the divergence formula [24]:

∂ρ
∂t + div(ρυ) = 0

υ = ui + vj = ∂x
∂t i + ∂y

∂t j
(10)

To describe the convenience and the simplicity of the motion and energy equations, the
concept of the satellite derivative is introduced [25]. Under Euler coordinates, the satellite
derivative is more complicated and can be expressed as

D
Dt

=
∂

∂x
∂x
∂t

+
∂

∂y
∂y
∂t

+
∂

∂t
= (υ·∇) + ∂

∂t
(11)

where the del operator, also known as the nabla operator [26], and the divergence of
the vector is divA = ∇·A. Then, the continuity equation is expressed by the following
derivative:

Dρ

Dt
+ ρdivυ = 0 (12)

The motion equation is determined according to the law of momentum balance. The
differential form of the motion equation can be expressed as

ρ
Dυ

Dt
= ρFb +

∂px

∂x
+

∂py

∂y
(13)

Similarly, the divergence formula can be used to change Equation (13) into

ρ
Dυ

Dt
= F + divP (14)

where the left part is the inertial force of unit volume fluid; the first term on the right is
the mass force F acting on the unit volume fluid, and the second term is the surface force
acting on the unit volume fluid where P is the pressure (Pa).

If air, as a fluid with a simple molecular structure, can be regarded as a Newtonian
fluid, the expression form of the motion equation will introduce the concept of Generalized
Newton’s law to obtain a special form of the motion equation. This equation is called the
Navier–Stokes equation, and the expression form is

ρ
Dυ

Dt
= F− gradp + div(2µS)− 2

3
grad(µdivυ) (15)

In which, the left part represents the inertial force per unit volume of fluid, the first
term at the right part represents the mass force per unit volume, the second term represents
the pressure gradient force acting on the fluid per unit volume, the third term is the viscous
deformation stress, and the fourth term is the viscous expansion force.
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The expression of the energy conservation equation in thermodynamics is described
as the first law of thermodynamics. Taking the rectangular coordinate system as the Euler
coordinate system, the energy equation in differential form can be derived as [27]

ρ
Des

Dt
= F·υ + div(P·υ) + div(λgradT)+ρσ + Φ (16)

where σ represents the heat transferred from radiation unit mass fluid in unit time (W/m3),
λ is the thermal conductivity (W/m·K), Φ and is the internal heating rate (W/m3).

If the air is regarded as ideal air, the energy equation can be expressed as

ρc
DT
Dt

= div(λgradT) + Φ (17)

where c is specific heat, which is an ambient-pressure specific-heat meter for fluids here
(J/kg·K). At this time, the three basic governing equations—continuity equation, motion
equation, and energy equation—constitute the differential equations for solving the fluid
domain. When solving the simultaneous equations, it is necessary to introduce the state
equation connecting P and ρ, and the equations can be solved. The ideal air state equation is

p = ρRT (18)

where R is the air constant R = R0/M, R0 is the universal air constant, R0 is 8.31 J/K·mol,
M is the molar mass, and R is 287 J/kg·K for air.

3.2.2. Solid Domain Governing Equation

In this model, the heat conduction of soil and concrete is regarded as solid heat
conduction. According to the Law of Energy Conservation and Fourier Law, the differential
equation of heat conduction in the solid domain is established as follows:

ρc
∂T
∂t

= div(λgradT) + Φ (19)

Generally, when studying the heat transfer in the solid domain, only the heat con-
duction effect is approximately considered, and phenomena such as the convective heat
transfer of a small amount of air and liquid that may be contained in the solid and the
resulting water migration are ignored.

3.3. Numerical Implementation of Unsteady-State Conjugate Heat Transfer Model

Through the virtual density method, the global solution algorithm of a strong coupling
governing equation is established. The energy equation expressed in physical density is
as follows, and the implementation of the algorithm is based on multiphysics module
of COMSOL software (Femlab3.2a, Svante Littmarck and Farhad Saeidi, originated from
the MATLAB Toolbox, Stockholm, Sweden), which is a coupled tool for solving partial
differential equations.

ρ
∂i
∂t

+ ρu
∂i
∂x

+ ρv
∂i
∂y

=
∂

∂x
(

λ

c
∂i
∂x

) +
∂

∂y
(

λ

c
∂i
∂y

) + Φ (20)

The density in Equation (20) was replaced by ρc to solve the coupling boundary of the
steel pipe roof in unsteady-state conjugate heat transfer analysis to solve the problem of
heat flux continuity at the coupling interface of steel pipe roof in the analysis of unsteady-
state conjugate heat transfer [28,29]. Thus, the strong coupling governing equations’ overall
solution algorithm of the unsteady-state conjugate heat transfer model is as follows:

ρc
∂i
∂t

+ ρcu
∂i
∂x

+ ρcv
∂i
∂y

=
∂

∂x
(λ

∂i
∂x

) +
∂

∂y
(λ

∂i
∂y

) + Φ′ (21)
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In the process of soil freezing with phase transition, the sensible heat capacity method
was used to deal with the problem of soil freezing phase transition [30]. The sensible heat
capacity method takes the temperature as the function to be solved and establishes a unified
energy equation over the whole region, which is expressed in the form of “Equivalent
Specific Heat” [31]. The “Equivalent Specific heat” when the phase transition occurs at a
specific temperature Tm is

c̃(T) = c(T) + Lδ(T − Tm)

c(T) =

{
cs(T) T < Tm

cl(T) T > Tm
; δ(T − Tm) =

{
1 T = Tm

0 T 6= Tm

(22)

where δ(T − Tm) is the Dirac function; a sensible heat capacity method model then emerges:

ρc̃
∂T
∂t

= div(λgradT) (23)

The phase transition of water in the soil freezing process is relatively slow, and it is
approximately completed within a certain temperature range. When using the sensible
heat capacity method to deal with the phase transition problem of the freezing process, the
unfrozen water in the soil must first be removed according to the experimental data. The
changes are divided into three sections: the severe phase transition zone, transition zone,
and frozen zone. Then, the phase transition is processed by the equivalent specific heat
parameter. The equivalent specific heat of the soil area in the energy equation is taken as

c(T) =


c f T < Tb

c f +
cu−c f
Ta−Tb

(T − Tb) +
L

(1+w)
∂wi
∂T Ta ≤ T ≤ Tb

cu T > Ta

(24)

where Cu and C f are the specific heat of thawed soil and frozen soil, J/(kg·K); L is the latent
heat of water phase transition, taken as 334,560 J/kg; w and wi are the total water content
and ice content of frozen soil; Ta and Tb are the upper and lower boundary temperatures
(k) of the phase transition zone of frozen soil. For the convenience of calculation, the
temperature is calculated in international Kelvin (k) and described in Celsius (◦C).

4. Application of Unsteady Conjugate Heat Transfer Model of FSPR in Gongbei Tunnel
4.1. Assumptions and Calculation Model

The calculation models (a)(b) with a height of 11 m and a width of 6.15 m are shown
in Figure 4, and the thickness of both is 1.977 m. In the calculation domain, the cold source
freezing pipe wall was regarded as the first temperature boundary, namely the Dirichlet
boundary condition, and the refrigerant inlet temperature was taken as the boundary
temperature value [32]. When the air pressure is low and the temperature is high, it can be
treated as an ideal gas, including the air in the fluid domain. The air in the fluid domain
can also be regarded as a compressed fluid and considered as a viscous fluid. At this time,
the continuity equation and motion equation (Navier–Stokes equation) are changed [33].
Considering the causes of fluid movement, the flow state of air can be assumed as laminar
flow. The continuous condition of heat flux was also treated according to laminar flow in
the conjugate heat transfer interface.

According to the above assumptions, the strong coupling general control equations of
the calculation model were obtained [34]. The energy equation, ideal gas state equation,
continuity equation, and motion equation can be expressed as follows:
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ρc ∂T
∂t = div(λgradT) + Φ

p = ρRT
Dρ
Dt + ρdivυ = 0

ρ Dυ
Dt = F− gradp + div(2µS)− 2

3 grad(µdivυ)

(25)

In the numerical calculation and analysis, the multiphysics module of COMSOL was
used for the secondary development of the software combined with the strong coupling
governing equations.

4.2. Soil Mechanics and Thermal Physical Parameters

The soil layer of the Gongbei tunnel mainly includes miscellaneous fill, sludge, mucky
silty clay, silty clay, silty sand, medium sand, and gravel sand. The soil layer crossed
by tunnel concealed excavation construction is mainly 1©, 3©-3, 4©-3, 5©-2, 5©-3, and 7©-1.
According to the test report on physical and mechanical parameters of artificially frozen
soil in “Test Report on Physical and Mechanical Parameters of Artificial Frozen Soil at
Gongbei Port of Zhuhai Link of Hong Kong-Zhuhai-Macao Bridge” [35], the properties of
typical soil layers in Gongbei Tunnel are shown in Table 1, the freezing temperature of the
soil is shown in Table 2, and the thermal conductivity of soil is shown in Table 3.

Table 1. Properties of typical soil layers in Gongbei Tunnel.

Soil Layer Lithology Moisture Content w (%) Density ρ (kg/m3) Dry Density ρd (kg/m3)

1© Artificial fill 16.05 1660 1470
3©-3 Medium gravel sand 13.54 2000 1760
4©-3 Muddy silty clay 47.6 1820 1230
5©-2 Fine sand 18.25 1950 1650
5©-3 Muddy silty clay 38.27 1880 1360
7©-1 Sandy clayey soil 31.98 1890 1430

Table 2. The freezing temperature of the soil layer and unfrozen water content at −20 ◦C.

Soil Layer Lithology 0 (◦C) Unfrozen Water Content at −20 ◦C (%)

1© Artificial fill −0.5 0.02
3©-3 Medium gravel sand −0.4 0.03
4©-3 Muddy silty clay −1.1 0.4
5©-2 Fine sand −1.6 0.05
5©-3 Muddy silty clay −1.5 0.33
7©-1 Sandy clayey soil −1.5 0.25

Table 3. Thermal conductivity of soil layer (W/(m·K)).

Soil Layer
Thermal Conductivity at Different Temperatures

−20 ◦C −10 ◦C 0 ◦C 10 ◦C 20 ◦C

1© Artificial fill 1.962 1.690 1.511 1.398 1.109
3©-3 Medium gravel sand 1.925 1.758 1.538 1.217 1.066

4©-3 Muddy silty clay 2.047 1.772 1.614 1.485 1.206
5©-2 Fine sand 2.019 1.775 1.719 1.497 1.266

5©-3 Muddy silty clay 1.994 1.893 1.643 1.402 1.344
7©-1 Sandy clayey soil 2.030 1.790 1.623 1.442 1.319

According to the calculation formula of “Equivalent Specific Heat”, the unfrozen water
content in frozen soil is the prerequisite for calculating “Equivalent Specific Heat” [36].
According to the relevant experimental 1© conclusions of the Shanghai Yangtze River
Tunnel in the same coastal area, the water content of each soil layer at −20 ◦C was assumed
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as shown in Table 2, and it was assumed that the phase transition of water in the soil had
been completed at −20 ◦C.

According to the three regions of the phase change of the water in the frozen soil:
the severe phase transition zone, transition zone, and freezing zone, each soil layer is
divided into four sections from the freezing temperature to −20 ◦C, combined with the
above-unfrozen water content. The specific heat calculation results are listed in Table 4.
The values of dynamic viscosity of air at different temperatures are shown in Table 5.

Table 4. Equivalent Specific Heat of soil layer (J/(kg·K)).

Soil Layer Temperature (◦C)

>0 ◦C 0–−3 ◦C −3–−5 ◦C −5–−10 ◦C −10–−20 ◦C <−20 ◦C

1© Artificial fill 1420 19,149.37 1902.62 1461.84 1374.49 1360
3©-3 Medium gravel sand 1410 16,026.31 1810.90 1442.00 1357.27 1340

4©-3 Muddy silty clay 1510 47,364.79 7326.67 2662.19 1643.43 1450
5©-2 Fine sand 1420 29,747.69 5502.70 1938.33 1417.27 1360

5©-3 Muddy silty clay 1630 45,990.22 9454.42 3023.12 1765.04 1560
7©-1 Sandy clayey soil 1580 40,759.56 8285.30 2706.18 1638.75 1470

Table 5. Dynamic viscosity of air (µPa·s).

Temperature (◦C) −40 ◦C −20 ◦C 0 ◦C 10 ◦C 20 ◦C 30 ◦C

Dynamic viscosity 15.60 16.83 17.09 17.59 18.08 18.56

Considering that the change of pressure can be approximately ignored in engineering,
the specific heat of air is taken as the specific heat of constant pressure. Its value varies
with temperature, thermal conductivity, and specific heat are shown in Table 6. Other
material parameters such as steel pipe jacking and filled concrete related to thermal physical
parameters are shown in Table 7.

Table 6. Thermal conductivity of air (W/(m·K)).

Catalogue −30 ◦C −20 ◦C −10 ◦C 0 ◦C 10 ◦C 20 ◦C 30 ◦C

Thermal conductivity 0.022 0.0228 0.0236 0.0244 0.0251 0.0259 0.0267
Specific heat 1011 1009 1009 1010 1012 1013 1014

Table 7. Thermal physical parameters.

Catalogue Density (kg/m3) Thermal Conductivity (W/(m·K)) Specific Heat (J/(kg·K))

Steel pipe 7850 44.7 459.8
Concrete 2344 1.835 419.8

4.3. Evaluation Criterion

The parameter value given above are brought into the strong coupling governing
equation, and the COMSOL software is used to calculate the freezing state of frozen soil.
The numerical model is shown in Figure 4a. There are two evaluation indexes to measure
the freezing state, one is the thickness of the frozen soil curtain between steel pipes, and
the other is the area of frozen soil, as shown in Figure 5. The cloud graph of the frozen
temperature field is obtained as shown in Figure 6. It can be seen that the index of frozen
soil develops with the freezing process.
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5. Result

Figure 6 is the freezing temperature distribution for 30 days, 40 days, 50 days, and
60 days. When the initial temperature is 20 ◦C, the model needed to be frozen for 40 days
to meet the design requirements of a 2 m thickness of frozen soil curtain between pipes.

Due to the uneven soil quality and uneven frozen soil boundary on the actual project,
it is impossible to monitor the actual boundary position of frozen curtain. Therefore,
the average thickness of the frozen soil is calculated through the temperature values of
monitoring points. According to the field experience of freezing for 40 days to reach a
thickness of 2 m, as shown in Figure 6, the model is basically consistent with the numerical
simulation results. It is difficult for general methods to obtain such engineering-scale
results. The simulation results are reasonable, and the model is validated. Therefore, due
to the complexity of site construction conditions, it was necessary to analyze the parameter
sensitivity of various factors affecting the freezing effect, such as different initial formation
temperatures, different soil layers, and brine temperatures to improve freezing efficiency.

According to the thickness of frozen soil and the area of frozen soil curtain between
jacking pipes, the sensitivity of initial formation temperature and different soil layers to the
freezing effect was analyzed.



Buildings 2022, 12, 1370 12 of 18

5.1. The Initial Formation Temperature

This analysis took the temperature change and the ground temperature gradient in
the formation of Zhuhai City into account. Three different initial temperature conditions
of 20 ◦C, 25 ◦C, and 30 ◦C were considered in the calculation model. When the third-type
boundary condition was considered, the ambient temperature was the temperature change
curve. Temperature change is generally expressed by trigonometric function [37]. The
third-type boundary condition with a heat transfer coefficient of 15 W/(m2·K) was actively
frozen for 60 days, and the non-isothermal flow module in COMSOL was used to calculate
and compare three different initial temperatures.

As shown in Figure 7, the development of frozen soil thickness between pipe jacking
was quite different under different initial temperatures. Similarly, as shown in Figure 8,
the development of frozen soil curtain areas is investigated. The difference in frozen soil
thickness between pipes under similar initial temperatures for 40 days is about 0.1 m. The
freezing duration required for the midline of frozen soil thickness to achieve a representative
thickness at different initial temperatures is shown in Table 8. When the initial temperature
was 20 ◦C, the water-sealing path of frozen soil had been completely wrapped with pipe
jacking after freezing for 32 days. When the initial temperature was 25 ◦C, the fully wrapped
pipe jacking needed 37 days of freezing, and when the initial temperature was 30 ◦C, it
needed freezing for 40 days.
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Table 8. Freezing duration of the frozen soil thickness midline at different initial temperatures (day).

Midline Thickness of Frozensoil (m)
Initial Formation Temperature

20 ◦C 25 ◦C 30 ◦C

0.5 8 9 10
1.0 12 13 14
1.5 20 22 23
2.0 32 37 40
2.5 50 56 60

As shown in Figure 9, for the development of the average temperature of the frozen
soil curtain, after 35 days of freezing (at this time, the thickness of the central frozen soil
under the three initial temperatures was about 2 m), the average temperature of the frozen
soil was basically about −9 ◦C. The difference between adjacent cases was less than 0.1 ◦C,
and tended towards consistency with increase in freezing duration. Therefore, in the
construction of Gongbei Tunnel by the FSPR method, the initial temperature had a slight
influence on the freezing effect. The higher the initial formation temperature, the longer
the freezing process needs to last.
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Figure 9. The average temperature of frozen soil curtain for different initial formation temperature.

5.2. Different Soil Layers

The main soil layers in the FSPR area of Gongbei Tunnel include six kinds of soil
layers: 1© artificial fill, 3©-3 medium gravel sand, 4©-3 muddy silty clay, 5©-2 fine sand, 5©-3
muddy silty clay, and 7©-1 sandy cohesive soil. The initial temperature was set at 20 ◦C,
and the surface boundary was set as the third-type boundary condition with a surface heat
transfer coefficient of 15 W/(m2·K). It was actively frozen for 60 days. The non-isothermal
flow module in COMSOL was used to calculate and compare the above six soil layers.

As shown in Figure 10, there were considerable differences in the development of
frozen soil thickness between pipe jacking of different soil layers, which can be focused on
three typical soil layers: 3©-3 medium gravel sand, 1© artificial fill, 5©-3 muddy silty clay.
The freezing duration required to achieve the midline of pipe jacking of the three layers
with representative different thicknesses is shown in Table 9.
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 Figure 10. The thickness of frozen soil between jacking pipes.

Table 9. The freezing duration required for the frozen soil thickness midline in different soil layers (day).

Midline Thickness of Frozen Soil (m)
Soil Layers

3©-3 Medium Gravel Sand 1© Artificial Fill 5©-3 Muddy Silty Clay

0.5 6 7 8
1.0 9 10 12
1.5 14 15 20
2.0 20 22 32
2.5 30 32 50

Correspondingly, the frozen soil curtain area was investigated, as shown in Figure 11.
After the 3©-3 medium gravel sand was frozen for 20 days, the water sealing path of frozen
soil had been completely wrapped by pipe jacking, while the 1© artificial fill completely
wrapped by pipe jacking needed to be frozen for 22 days to replace the soil. The 5©-3
muddy silty clay soil layer needed to be frozen for about 32 days.
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As shown in Figure 12, the average temperature of the frozen soil curtain in six soil
layers was lower than −8 ◦C after 20 days of active freezing and reached −10 ◦C after
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60 days of active freezing. Although the average temperature difference of frozen soil in
each soil layer was not large enough, there was also a certain difference. Essentially, the
difference between soil layers lies in equivalent specific heat and thermal conductivity.
When the temperature was −3–−5 ◦C, the equivalent specific heat of medium gravel sand
was only 1810.9 J/(kg·K), much smaller than other soil layers, and some could reach up to
9454.42 J/(kg·K). The freezing effect of the medium gravel sand soil was relatively better.
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In conclusion, all soil layers could meet the freezing effect required by the design with
the freezing duration; however, different soil layers have a great impact on the freezing
effect. In practical freezing construction, it is necessary to pay more attention to the
differences in soil layers and carry out a different freeze scheme design.

5.3. Brine Temperatures in the Freezing Tube

Here, 4©-3 muddy silty clay was taken as the calculated soil layer, the initial tem-
perature was set at 20 ◦C, the active freezing was set for 60 days, and the initial brine
temperature pouring into the freezing tube was set at −20 ◦C, −30 ◦C, and −40 ◦C, respec-
tively. The non-isothermal flow module in COMSOL was used to calculate and compare
three different brine temperatures. There were significant differences in the midline of
frozen soil thickness, as shown in Figure 13. The freezing effect was the best when the
brine temperature is −40 ◦C. It can be seen that the freezing effect was better when the
initial temperature of inflow brine in the freezing tube was lower. Therefore, in the case
of the buried depth of Gongbei Tunnel, from the perspective of engineering accuracy
requirements, it the brine temperature of the freezing tube can be set as low as possible.

Table 10 shows the freezing duration required for the midline of pipe jacking to achieve
a representative thickness at three different brine temperatures in the freezing tube. If the
brine temperature is −20 ◦C, it will take 44 days to meet the design requirements of 2 m.
If the brine temperature is −30 ◦C, 27 days will be enough. If the brine temperature is
−40 ◦C, then 20 days can meet the requirement.

Freeze duration depends on freezing intensity and medium. The freezing strength
is the cold source, that is, the given brine temperature; the specific heat and thermal
conductivity of the medium were directly related to the freezing efficiency, which is the
essence of the soil layer difference in this paper.
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Table 10. The freezing duration required in different brine temperatures (day).

Midline of Frozen Soil Thickness (m)
Brine Temperature

−20 ◦C −30 ◦C −40 ◦C

0.5 16 8 7
1.0 25 15 12
1.5 34 22 16
2.0 44 27 20
2.5 60 35 23

6. Conclusions

The point of this study is to consider the coupled heat transfer between air and soil.
According to the theory of unsteady-state conjugate heat transfer, a complete mathematical
model was established to analyze the sensitivity analysis of the calculation parameter to
the freezing effect of Gongbei Tunnel.

(1) A mathematical model of unsteady-state conjugate heat transfer based on the FSPR
method is established, containing three governing equations in the fluid domain
(continuity equation, motion equation, and energy equation), differential equation
of heat conduction in the solid domain, and continuity condition of conjugate heat
transfer interface. The numerical simulation results verify the rationality of the model.

(2) Through the sensitivity analysis of the factors affecting the freezing effect, it is con-
cluded that the brine temperature has a greater impact on the freezing effect, followed
by the soil layer, where the formation temperature has the least impact. For muddy
silty clay, if the brine temperature is −20 ◦C, it takes 44 days to meet the design
requirements of 2 m. If the brine temperature is −30 ◦C, 27 days is enough. When
the formation temperature is 20 ◦C, it takes 20 days for medium gravel sand to reach
the thickness of freezing curtain, and 32 days for muddy silty clay. Essentially, the
difference between soil layers lies in equivalent specific heat and thermal conductivity.
When the temperature is −3~−5 ◦C, equivalent specific heat of medium gravel sand
is only 1810.9 J/(kg·K), much smaller than other soil layers, and some can reach up
to 9454.42 J/(kg·K). Compared to other soil layers, the freezing effect of the medium
gravel sand is relatively better.

(3) In the study, it was found that the initial brine temperature flowing into the freezing
pipe would also affect the freezing effect. In engineering practice, the initial tempera-
ture in the freezing tube should be controlled reasonably to achieve the best freezing
effect without wasting resources and reducing frost heave.
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The study provides valuable and operable guidance for practical engineering. How-
ever, the model in this study also has some limitations that can be further explored. For
example, when establishing the strong coupling general governing equation of unsteady-
state conjugate heat transfer, the assumption that the flow state of air is regarded as laminar
flow and the assumption that air is approximately regarded as ideal gas still need to be
further verified.
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