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Abstract: The artificial ground freezing method has been widely used in shield tunneling break-
through working shafts. The freezing effect was mainly considered in the previous research, and
the heat generation of the shield machine was not considered, which has great influence in actual
engineering. In this paper, a coupling calculation model, considering phase change latent heat, is
establishes that by containing the freezing process and heat generation of the shield machine, the
model is verified. A numerical simulation is carried out for several working conditions that may
occur in actual projects, and the following conclusions are obtained. Although the heat dissipated
by the normal tunneling of the shield machine will melt the frozen soil curtain that originally meets
the design requirements, the thickness of the frozen soil curtain after melting cannot reach the initial
design, though it is still within the safe range. In the process of a continuous rotation working
condition, the bottom and sides of a cup-shaped frozen soil curtain are partially melted in the early
6 day stay of the shield machine, and the thickness is reduced to a relatively stable value of 0.8 m.
In a temporary shutdown working condition, when the contact surface temperature between the
shield machine shell and the frozen soil drops to −12 ◦C after almost 4 days of shutdown, the shield
machine may not keep tunneling forward due to the freezing effect. The research results will benefit
the freezing design and management of the shield tunneling breakthrough working shaft under
extreme conditions.

Keywords: artificial ground freezing method; shield tunnel; working shaft; freezing effect; heating
effect

1. Introduction

Ground space resources are increasingly tense, and the development of metro tun-
nels is the general trend. Due to its high automation, fast construction speed, and little
influence on ground disturbance, the shield method is widely used in metro tunnels [1].
The experience of shield tunneling construction in the past shows that the construction
of the shield tunnel breakthrough working shaft undoubtedly is a high-risk stage [2,3].
This is especially true for soft soil geological conditions and soil that is rich in water, and
improper construction due to the influence of groundwater may cause water gushing and
sand gushing at the portal, resulting in a series of consequences, such as economic losses,
delays in the construction period, and ground surface settlement. Therefore, the water
sealing effect of the support system is even more important [4]. Usually, some conventional
construction methods, such as the deep mixing method, grouting method, high-pressure
rotary spraying method, and precipitation method are used to strengthen the soil around
the working shaft [5]. Generally, when the conventional reinforcement method is com-
pleted, and serious sand and water gushing phenomena sometimes appears in the stage
of breakthrough working shaft, in order to ensure the safety of the breakthrough stage,
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artificial ground freezing technology (AGF) is often used for auxiliary reinforcement [6].
Compared with other soil reinforcement methods, the AGF method has the advantages
of good reinforcement uniformity, high strength, a good water sealing effect, safety and
environmental protections, and the reinforcement process and effect can be monitored
during the construction. It has been widely used in the working shaft construction of
shield tunnel [7]. At present, the AGF has a rich theoretical basis and engineering practice
experience, such as the freezing-sealing pipe roof method applied to the century projects of
the Gongbei tunnel of the Hongkong–Zhuhai–Macau Bridge [8].

The key to the successful application of the AGF construction method lies in the
stability of the frozen soil curtain. The temperature field is the most critical control index
for AGF method. In order to grasp the development of the frozen soil curtain during
construction, the temperature monitoring data are usually used to invert the development
process of the frozen soil curtain to determine whether the thickness of the frozen soil meets
the excavation requirements, but enough in-site monitoring data are not always available to
predict and analyze the strength and development of the frozen soil curtain. Therefore, it is
necessary to judge the development status of the frozen soil and the rationality of the design
in advance through other methods, such as model tests [9,10] and numerical simulation [5],
which can reduce the safety hazards of the AGF construction, so as to scientifically guide
the construction of the project [11]. Obviously, the model test can only be aimed at a
certain working condition and costs a lot, while the numerical simulation method has
a higher applicability. At present, there have been many cases of studying the freezing
effect of shield tunnel breakthrough working shafts through numerical simulation [12,13].
There are two conventional approaches to modeling the heat transfer of the AGF problem,
the apparent heat capacity formulation and the enthalpy-porosity formulation [14]. The
research on the influencing factors of the freezing effect has been relatively comprehensive.

However, in actual construction, because the shield machine will also generate a large
amount of heat during the excavation process [15], the freezing effect is not as good as
expected, and the freezing strength and construction safety cannot be guaranteed. There
are still some risks in AGF construction in some extreme conditions. Due to the friction
between the cutter head and the soil and the operation of the hydraulic press, a large
amount of heat is generated during the jacking of the shield machine, which directly affects
the development of the frozen area. When the shield machine encounters hard rock strata
that are difficult to cut, the shield machine continues to heat in a certain area, which may
cause the frozen soil curtain to melt and cause accidents, such as water leakage. When the
shield machine is shut down due to other factors, the shield machine may also fail to start
again due to excessive freezing. There is also the situation where the shield machine cannot
operate normally due to excessive freezing [16]. Chang-Yu Ou conducted a qualitative
analysis on it, but in the specific simulation study on the impact on the freezing effect,
the law of the development of the frozen soil curtain during the active freezing period
before the shield machine moved forward is considered [17]. The relationship between the
generated heat disturbance and the frozen soil curtain has not yet been studied, so there
has been a certain amount of risk and flooding accidents.

In this paper, a finite element model is established, considering the shield machine’s
heat and freezing system based on the principle of equivalent specific heat. Compared
with the traditional finite element simulation, this model considers the heating effect
of the shield machine on the basis of the freezing system. The temperature field under
several risk conditions is studied by this model. The model in this paper comprehensively
considers various heat disturbances and jacking speeds generated by the shield machine,
and studies the influence of the frozen soil curtain on the heat generated by the shield
machine during the operation of the shield machine, which is of great significance for
ensuring the effectiveness of the frozen soil curtain. The research results can provide
early warnings and reference for the breakthrough working shaft of shield tunnel by
AGF construction.
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2. Numerical Modeling of the AGF Process including Phase Transition Conditions

The development of the temperature field in the frozen soil region analyzed in this
paper is based on the principle of heat transfer and makes the following basic assumptions:
(1) The soil is continuous, homogeneous, isotropic porous media. (2) The cold loss of the
frozen soil wall and cooling liquid in the pipe during the flow process is negligible. (3) The
shield machine shell is regarded as a uniform heating source and is jacked at a constant
speed. (4) The temperature of the shield machine shell and the tunnel face is constant.
(5) Assume that when the temperature of the soil drops to 0 ◦C, it is considered that the soil
begins to freeze.

2.1. Heat Conduction Governing Equation

The calculation control equation of the heat transfer process in frozen soil still follows
the differential heat conduction equation [18], which can be expressed as:

ρCp
∂T
∂t

+∇ · q
∼
= Q (1)

q
∼
= −k∇T (2)

where T represents the temperature, k represents the thermal conductivity, ρ represents the
density, Cp represents the specific heat capacity, and Q represents the total heat source, here
contains the phase transformation latent heat.

When a material undergoes a phase transition, take solid to liquid as an example,
energy is added to the solid, and instead of creating a temperature rise, the energy alters the
material’s molecular structure. Therefore, in the process of soil freezing, the phase change
of water in the soil will slow down the development of the frozen soil curtain.

The equivalent heat capacity method is applied to calculate the latent heat of the phase
transformation [19], and the following model is used to ensure the continuity of boundary
conditions in the finite element calculation process, shown in Figure 1.

Cp = θ1Cp2 + θ2Cp2 + Q1−2
∂αm

∂T
(3)

αm =
1
2

θ2 − θ1

θ2 + θ1
(4)

In this equation, ∆T1−2 represents the phase transition interval, Tpc represents the
transformation temperature, θ1 and θ2 represents the ratio of phase 1 and phase 2, and
Q1−2 represents the latent heat of phase change, and the proportional coefficient represents
the phase change conversion.
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Figure 1. Schematic diagram of latent heat of phase transformation.
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2.2. Coupling Calculation Model of Shield Machine Heating and Freezing Cooling
2.2.1. Layout Scheme of Freezing System

The coupling model of the shield tunneling breakthrough working shaft was estab-
lished to reference the layout of freezing pipe proposed by Luo [20]. This model adopts
a three-dimensional finite element simulation with a total of 435,242 solid elements. The
construction is based on a Cartesian rectangular coordinate system. The tunnel excavation
direction is along the y-axis direction, the soil depth direction is along the z-axis direc-
tion, and the horizontal direction perpendicular to the tunnel excavation direction is the
x-axis direction.

The size of the frozen soil curtain is designed according to the size of the shield
machine and the tunnel, the buried depth of the tunnel, the layout of the freezing pipe, and
other factors in the actual project. The general diameter of the shield is 6.85 m, and the
distance from the ground to the freezing pipe is 15 m, close to the tunnel depth. A total
of 53 freezing pipes are arranged in three circles inside and outside the opening center.
Among them, the outer ring layout has 31 freezing pipes with a ring radius R3 of 3.75 m, a
freezing pipe spacing arc of 0.76 m, a freezing pipe length of 10 m; 14 freezing pipes are
arranged in the middle ring with the ring radius R2 of 2.55 m, a freezing pipe spacing arc
of 1.14 m, and a freezing pipe length of 2.8 m; 7 freezing pipes are arranged in the inner
ring with the ring radius R1 of 1.35 m, a freezing pipe spacing of 1.21 m, and a freezing
pipe length of 2.8 m; a freezing pipe with a length of 2.8 m was laid in the center of the
shield. The layout scheme of freezing pipes is shown in Figure 2.
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2.2.2. The Finite Element Model

Considering the above factors and to eliminate the boundary effect, the plane of the
model face is 30 m × 40 m. Considering the dynamic jacking process of the shield, the
shield jacking route is partitioned along the tunnel axis. According to the engineering
experience, the shield machine can complete the assembly of approximately five rings of
segments every day under normal conditions. Therefore, the model takes a length of 6 m
for each five-ring segment as the tunneling progress. The length of the freezing pipe in the
other inner ring is 2.8 m, so the geometric size of the soil is designed as horizontal width
(X-axis direction)× longitudinal length (Y-axis direction)× vertical depth (Z-axis direction)
= 30 m × 38.9 m × 40 m. After the trial calculation, the range of this model is much larger
than that of the freezing affected area, which is more reasonable and eliminates the error
caused by the asymmetry of the freezing pipe, as shown in Figures 3 and 4.
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The temperature boundary is used for the boundary condition of the freezing pipe
cooling, and the calculation equation is shown with:

T = T0 (5)

The side, lower, and rear parts of the soil are semi-infinite spaces. An adiabatic
boundary is used, and the calculation equation is shown with:

q
∼
= 0 (6)
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The upper surface of the soil and the entrance of the shield are external air. The
second boundary considering air thermal convection is used. The calculation equation is
shown with:

q0 = h · (Text − T) (7)

In this Equation (7), Text represents outside temperature, h represents the convection
coefficient. Soil is used as a phase change material, and the phase change temperature is
considered to be 0 ◦C.

2.2.3. Parameters of the Model

Refer to the research on the surface temperature of shield tunneling machines by
Liu [21]. The temperature values of the model are shown in Table 1.

Table 1. The temperature values of the model.

Position Temperature/◦C

Ambient temperature 20
Initial soil temperature 20

Shield cutterhead 20
Shield shell 60

Freezing pipes According to simulated conditions

The thermophysical parameters of materials are shown in Table 2.

Table 2. The thermophysical parameters of materials.

Frozen Soil Unfrozen Soil Air

Thermal conductivity/(W/(m·K)) 1.79 1.18 0.023

Specific heat capacity/(J/(kg·K)) 1610 1530 1003

Density/(kg/m3) 1880 1880 1.29

2.3. Simulated Working Conditions

The freezing scheme shows that the cooling brine circulation from the 1st day to
the 10th day, the temperature is reduced by 2.8 ◦C per day; the active freezing period is
from the 10th to the 35th days, and the temperature is stable at −28 ◦C. The maintenance
freezing period is from the 35th to the 43rd days, and the temperature is −22 ◦C. When
the active freezing period is completed, the frozen soil curtain reaches the design standard,
the temperature boundary of the shield shell is activated in turn, and the excavated soil is
converted into air.

The first model is based on the normal working condition without considering the
heating effect of the shield machine, which can be used to verify the model. Then, the
following three working conditions are proposed for the simulation analysis: the shield
tunneling considering the heating effect of shield machine (Condition 1), the continuous
rotation working condition of tunneling at the same position due to encountering hard
rock formations (Condition 2), and the temporary shutdown condition of tunneling at
the same position due to construction arrangements, equipment fault, or other reasons
(Condition 3). The corresponding model boundary of each extreme working condition is
shown in Figure 5.
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3. Modelling Results

To study the development law of frozen soil area, three critical sections and seven
critical reference lines were selected for data analysis.

Section 1 is the section yz located in the longitudinal symmetry plane of the shield
machine and the tunnel, shown in Figure 6a. Section 2 is the section xz at the bottom of the
cup-shaped freezing design, shown in Figure 6b. Section 3 is the section xz at the outermost
part of the model with the distance of 2.8 m from Section 2, shown in Figure 6b.
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To quantify the accurate temperature change of the frozen soil curtain and determine
the thickness of the frozen soil at the bottom of the cup-shaped freezing design, seven
temperature reference lines are added based on the selected critical sections, and the
accurate distribution of the frozen soil curtain is determined by obtaining the distribution
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law of the temperature extension reference line. To study whether the bottom of the cup-
shaped freezing design is frozen to meet the requirements, reference line 1 and reference
line 2 are selected in Section 3. At the same time, to study the specific bottom thickness of
the cup-shaped freezing design, two weak points at the gap of the freezing pipe are selected
as reference line 3 and reference line 4 in Section 1. For the thickness of the frozen soil, the
design requirement should reach 1.2 m. Three x-direction straight lines crossing the center
of the frozen soil curtain at 4 m, 6 m, and 8 m from the bottom of the cup-shaped freezing
design are selected as the reference lines, which are reference line 5, reference line 6, and
reference line 7, respectively. The position of the reference lines are shown in Figure 7.
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3.1. Model Verification

Firstly, the model is verified by the development law of the frozen soil curtain without
considering the thermal influence of the shield machine. The isotherm line of 0 ◦C and tem-
perature cloud map of Section 1 of the working shaft breakthrough freezing reinforcement
from the 5th to the 30th days are shown in Figure 8. As shown in Figure 8, the frozen area
gradually forms a cup-shaped body on the 10th day, and the soil temperature is controlled
below −10 ◦C within the length of the inner ring freezing pipe in the middle circle, forming
a stable frozen soil curtain. The design requirements can be met on the 14th day.
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The temperature cloud diagram and the isotherm line of 0 ◦C at the bottom of the
cup-shaped freezing design (Section 2) are shown in Figure 9. It can be seen from the figure
that when 0 ◦C is taken as the freezing temperature of the soil, the freezing area achieves
closure on the 9th day, forming a complete bottom area of cup-shaped freezing.
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The result is compared to the numerical simulation result of the cup-shaped freezing
design of tunneling breakthrough working shaft by Luo [20] to verify the model, which
is based on the freezing reinforcement project of the shield launching at the west end of
Yixianqiao Station of Nanjing Metro Line 2.

3.2. The Shield Tunneling Considering Heating Effect of Shield Machine

According to the preliminary simulation results of the above freezing scheme, each part
of the frozen soil curtain fully reached the design thickness on the 14th day, so shield jacking
is carried out from the 14th day. Taking the aforementioned reference line and section as
the characteristic line and plane, the development of a frozen soil curtain, considering the
thermal disturbance of the shield machine, is observed and analyzed.

Figure 10 is the temperature cloud of Section 1. It can be seen from Figure 10 that the
frozen soil curtain melts as the shield machine continues to tunnel. The bottom and side of
the cup-shaped frozen soil curtain melted from the 18th day, the side of the cup-shaped
frozen soil curtain melted more obviously by approximately 19.5 days, and the outer ring
inside the cup-shaped freezing pipes arrangement was part of the basic melt.

To more specifically analyze the melting situation of the frozen soil curtain at the
bottom part of the cup-shaped freezing curtain and judge whether the thickness of the
curtain after melting can maintain the requirements of shield construction, the temperature
distribution curve on the aforementioned characteristic line is taken for analysis.

The temperature distribution of the characteristic lines (line 3, line 4) at the bottom of
the cup-shaped frozen soil curtain is shown in Figure 11. The bottom thickness of line 3 and
line 4, which were 3.09 m and 3.23 m, still meet the design requirements on the 19th day.
The bottom thickness of the cup-shaped frozen soil curtain was 2.65 m and 2.69 m, which
does not meet the design requirements of 2.8 m after 19.5 days.
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The temperature distribution curve of the cup-shaped frozen soil curtain is shown
in Figure 12. After 19.5 days, the thickest part of the frozen soil curtain is 0.9 m, and the
thinnest part is only 0.6 m, which is far less than the design requirement of 1.2 m.

It can be seen from the diagram that as the top of the shield machine dissipates heat, the
cooling capacity of the original freezing scheme is not enough to offset the heat generated
by the continuous shield tunneling, the frozen soil melts, and the bottom and side part of
the cup-shaped frozen soil curtain cannot maintain the design thickness, which is a high
risk. It is necessary to take some construction measures to ensure the thickness of the frozen
soil curtain.

3.3. The Continuous Rotation Working Condition

In the actual project, the tunneling of the shield machine is not a completely smooth
process. In the process of shield tunneling, hard gravel may be encountered, which makes
it difficult for the shield machine to tunnel at a normal speed, which causes it to continue
to dissipate heat in the same place. Therefore, this study also discusses this condition. In
the model, the tunneling duration of the shield machine in a certain partition is extended
to simulate the in-situ cutting of the soil at a certain position for a long time.
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Figure 12. Temperature distribution curve of the cup-shaped frozen soil curtain.

Figure 13 shows the thickness variation curve of the two reference lines at the bottom
of the frozen soil curtain during the shielding process. From the diagram, it can be found
that when the shield first enters the cup-shaped frozen body area on the 19th–20th day, the
bottom thickness of the cup-shaped frozen curtain decreases the fastest. With the increase
of residence time, the heat of the shield machine and the cooling capacity of the freezing
system gradually reach equilibrium. Finally, on the 28th day, the thickness on line 3 reduced
to 2.46 m and the thickness on line 4 reduced to 2.52 m.
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Figure 13. The bottom thickness of the cup-shaped frozen curtain.

Figure 14 shows the thickness of the frozen soil curtain in different line. It is similar to
the rule at the bottom, the freezing curtain melts rapidly as the shield machine enters on
the 19th–20th day. The thickness of frozen soil curtain also reached a relatively stable value
on approximately the 26th day. The thickness of reference line 5 is 0.79 m. The thickness of
reference line 6 is 0.80 m, and the thickness of reference line 7 is 0.74 m.
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Figure 14. Thickness of the frozen curtain in different line.

It can be seen that under the influence of the heat of the shield machine, the frozen
curtain cannot maintain the 1.2 m thickness required by the design. However, the freez-
ing curtain will not be completely melted due to the heat generated by the shield ma-
chine. It still has a certain thickness, which can play an important part in water shut-off
and reinforcement.

3.4. The Temporary Shutdown Condition

In actual engineering, due to the instability of the stratum, the shielding process is
often disturbed by various factors, resulting in shutdown adjustment. In the case of a
breakthrough working shaft by AGF, the shield machine stays in the designated fixed
position for a long time, which leads to the lower temperature of the soil around the cutter
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head and makes it difficult to move forward during the secondary start-up, and can even
make the cutter head freeze. This study mainly analyzes the most extreme condition, that
is, the relationship between the time the shield machine stays in and the freezing risk.

According to the study of the shear properties of frozen clay by Sun [22], the shear
properties of frozen soil are mainly related to temperature and corresponding force, thus
the specific relationship is shown in Equation (8).

τ = (−0.021T + 0.637)σ + 16.05e−0.09T (8)

In which, T is the soil temperature, σ is vertical stress, and τ is shearing stress.
In this model, the main resistance of the shield machine shell is from the shearing

stress of the surrounding soil. Taking a point above the shield machine as an example,
the plane stress state is shown in Figure 15. The vertical stress is mainly provided by the
pressure of the surrounding soil, that is, the vertical stress comes from the self-weight stress
and lateral earth pressure of the soil.
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According to Equation (8), a critical temperature value can be obtained. In the study, it
is considered that when the boundary temperature of the contact surface between the shield
machine and the frozen soil in the model drops to this temperature, the corresponding
time is the time when the shield machine is allowed to stop. Beyond this time, the shield
machine will be unable to keep tunneling due to the freezing conditions.

Taking a meter of the unit strip for analysis, the three-dimensional problem is simpli-
fied to a two-dimensional problem, and the sum of the vertical stress perpendicular to the
tunnel can be calculated. The calculation diagram is shown in Figure 16.
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The total pressure can be calculated as follows.

σV = 10.65 ∗ 18.424 ∗ 6.75 = 1324.46 kN/m (9)

σA = 0.43 ∗ 18.424 ∗ 6.75 ∗ 6.75 = 360.96 kN/m (10)

σH = (107.92 + 176.32) ∗ 6.75/2 = 959.31 kN/m (11)

σ = (1324.46 + 360.96) ∗ 2 + 959.31 ∗ 2 = 5325.46 kN/m (12)

where σV represents vertical earth pressure, σA represents soil pressure at arch back, σH
represents horizontal earth pressure, and σ represents the total pressure.

According to Deng’s research for an earth pressure shield machine with a general diame-
ter of 6 m [23], the empirical formula of the shield total thrust is shown in Equation (13).

F =
1
4

πD1
2Pj (13)

In this expression, D1 represents the excavation diameter of the shield machine. Pj
represents the average thrust per unit of excavation face. In this model, D1 is taken as 6.75 m,
and Pj is taken as 1300 kN.

Based on the temperature-dependent characteristics of the freezing force at the contact
surface between the frozen soil and shield machine shell, the resistance of the tunneling
force and the freezing force of the shield machine can be calculated. When the shear
strength of the contact surface between the frozen soil and shield machine shell is stronger
than the total thrust of the shield machine, the shield machine will not be able to tunnel
ahead. The critical temperature is −12 ◦C, solved by Equation (8).

The research goal of this study is to analyze the temperature change of the surrounding
soil and the possible freezing risk when the shield machine is stopped due to special
circumstances when the shield machine reaches the frozen soil curtain area. Based on
the basic shield tunneling simulation, the model cancels the heat generation of the shield
machine after the shield machine reaches the frozen area to realize the transient simulation
of the temperature change after the shield machine is shut down. When the temperature at
the boundary is lower than the critical temperature, there is a risk that the shield machine
cannot continue tunneling forward due to excessive freezing. The freezing temperature
development cloud map of Section 1, after the arrival of the shield for six days, is shown in
Figure 17.
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It can be seen from the cloud map that the freezing area develops from the freezing
pipe area to the surrounding area with time. The freezing area in the upper part of the
section develops faster than the lower part, due to the incomplete symmetrical arrangement
of the freezing pipe. On the fourth day, the critical freezing temperature boundary of
−12 ◦C has roughly covered all the contact surfaces between the shield machine and
frozen soil, which leads to a higher risk that it cannot continue tunneling forward due to
excessive freezing.

4. Conclusions

In this paper, a coupling model of the shield tunneling breakthrough working shaft by
AGF considering the phase change of latent heat is established and verified, and several
extreme working conditions are analyzed.

(1) The heat generated by the tunneling of the shield machine will cause a certain melting
of the frozen soil curtain that originally met the design requirements. After melting,
the thickness of the frozen soil curtain cannot reach the initial design, but it is still
within the safe range and can meet the tunneling requirements. It is recommended to
add a switchable enhancing freezing tube arranged in the outer ring to deal with the
melting in extreme conditions.

(2) When the shield tunneling encounters harsh geological conditions, such as hard rock
strata, the heat emitted by the in-situ operation of the shield machine will continue to
cause the melting of the frozen soil curtain under the condition that the cutter head
needs to be cut at the same position for a long time. In the early 6 day stay of the
shield machine, the bottom and sides of the cup-shaped frozen soil curtain are partially
melted. Then, the thickness is reduced to a relatively stable value, of approximately
0.8 m, and the bottom part continues to melt at a small rate. If proper measures are
not taken to enhance the freezing effect, it will lead to water flow channels, leading to
engineering disasters.

(3) In a temporary shutdown working condition, when the contact surface temperature
between the shield machine shell and the frozen soil drops to −12 ◦C, after almost
4 days of shutdown, the shield machine may not keep tunneling forward due to the
freezing effect.
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