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Abstract: Temperature is the fundamental variable used in artificial ground freezing (AGF) design
to assess the frozen curtain’s state and carry out an analysis of its mechanical behavior. Therefore,
it is important to appropriately understand the temperature variation in the soil during freezing
and thawing throughout the construction process of AGF. In this paper, a soil physical state analysis
model was established to obtain the one-dimensional distribution curve of the soil temperature field
and the temperature variation curve of the soil with temporal, which can be used to explore the
soil temperature characteristics during the construction of AGF, so as to scientifically evaluate the
physical state of frozen soil and reduce the construction risk. The soil can be divided into three zones
during the construction process of AGF, namely the frozen zone, the frozen fringe, and the unfrozen
zone. Additionally, Hangzhou muddy silty clay was selected for the indoor model test to verify
the correctness of the analytical model. The results show the following: (1) Due to the influence of
the latent heat of the phase change, the physical state and temperature of the soil on both sides of
the frozen fringe are not the same. It is not appropriate to use the same temperature index to judge
whether the soil is frozen or thawed in the project. (2) For Hangzhou muddy silty clay, the freezing
index is −1 ◦C, and the thawing index is 0.9 ◦C. The research results can provide some guidance for
the judgment of the soil state during the AGF of subway cross passages.

Keywords: artificial ground freezing (AGF); subway cross passage; soil physical state analysis model;
indoor test; temporal and spatial variation in temperature

1. Introduction

Urban congestion is becoming increasingly prevalent with rapid economic develop-
ment. To alleviate this phenomenon, the development and utilization of urban underground
space are becoming more and more important. Subways, as an underground transportation
mode, occupy an important position in the process of underground space development
and utilization [1]. In subway tunnel construction, cross passages with fire prevention,
drainage, and connection functions should be set up at specific intervals [2,3]. However,
when the project is located in a soft soil area, due to the low soil bearing capacity and
high water content, engineering disasters such as hole collapses and ground settlement
during the excavation process may be caused; it is necessary to strengthen the soil layer
before construction [4–7]. Artificial ground freezing (AGF) is a green technology that, in
keeping with the concept of sustainable development, uses freezing technology to turn
the natural layer into an artificially frozen layer. It is currently commonly utilized for soil
reinforcement in subway cross passages in soft soil areas [8–11].

The temperature has a direct influence on the strength and thickness of the frozen
soil curtain; therefore, the soil temperature is generally used to judge the physical state
of the soil in practical engineering [12–14]. In order to understand the distribution of the
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soil temperature field during the construction process of AGF, researchers have conducted
extensive research on this issue either based on field monitoring data or finite element
software [15–19]. The AGF construction process is characterized by complex environ-
mental factors such as groundwater seepage, freezing pipe placement, and initial ground
temperature, all of which have an impact on the soil temperature field. The seepage of
groundwater can alter the cooling capacity provided by the refrigeration tubes and affect
the soil temperature [20,21]. Zhou et al. [22] established a model for the freezing method of
a composite stratum seepage environment based on indoor tests, and explored the influence
of seepage on the freezing method’s construction and surrounding engineering environ-
ment; Xu et al. [23] established a numerical model of the coupling of the seepage field
and the temperature field in a cross passage to simulate the influence of the groundwater
velocity, freezing pipe diameter, initial ground temperature, and freezing pipe spacing
on the temperature field development under single-row freezing. The results show that
the influence of the four factors on the freezing temperature field in descending order is
groundwater flow rate, freezing pipe spacing, freezing pipe diameter, and initial ground
temperature; Qin et al. [24] found that groundwater flow has a negative impact on the
artificial freezing project, especially when the salt content of local water is high; it will
change the thermal property, which is not conducive to the formation of the frozen wall.
Zhao et al. [25] analyzed the influencing factors of the freezing temperature field through
three-dimensional finite element analysis software, and gave the suggested values for the
saltwater temperature, freezing pipe diameter, and freezing pipe spacing. Zhao et al. [26]
combined existing engineering examples and numerical simulation and found that the
hydration heat of the cement can hinder the freezing of the soil. Bai et al. [27,28] established
a numerical model and carried out a one-side freezing test to find that the freezing of soil is
a coupled thermo-hydro-mechanical process.

The influence of external factors on soil temperature has been studied in depth, but
very few studies have focused on the effect of the latent heat of the phase change on
temperature. The latent heat of the phase change makes it more challenging to judge
the soil’s state, considering that AGF is fundamentally a phase change process in which
water in the soil freezes into ice. This paper explores the spatial and temporal variation
in the soil temperature by establishing a soil physical state analysis model. The model
was validated through an indoor test on the AGF of a subway cross passage by selecting
Hangzhou muddy silty clay as the test soil. The research results provide some guidance for
the judgment of the soil state during the AGF of subway cross passages.

2. State of Soil during Freezing and Thawing Period
2.1. Gilpin Soil State Analysis Model

Gilpin [29] analyzed the thermodynamic characteristics of the free water in the soil,
simplified the three-dimensional heat transfer problem, regarded soil as a continuous
uniform medium, and established an analysis model of the soil state based on the following
three basic assumptions. The soil is divided into the frozen zone, unfrozen zone, and frozen
fringe, and the temperature field in these zones is linearly distributed. Compared with the
latent heat of water, the sensible heat of soil is ignored. The phase change mainly occurs on
the bottom of the ice lens and the freezing front, ignoring the heat change caused by the
change in unfrozen water in the content in the frozen fringe, as shown in Figure 1.

In Figure 1, VH, Va, and Vx are the flow velocities of water seepage in the frozen
zone, frozen fringe, and unfrozen zone, respectively; T1 is the temperature at the interface
between the frozen zone and the cooling source, T2 is the temperature at the ice lens bottom,
T3 is the temperature of the freezing front, and T4 is the boundary temperature of the
unfrozen area; K1, K2, and K3 are the slopes of the curves in the frozen zone, frozen fringe
and unfrozen zone, respectively.



Sustainability 2023, 15, 3663 3 of 19Sustainability 2023, 15, x FOR PEER REVIEW 3 of 19 
 

 
Figure 1. Gilpin soil state analysis model. 

Figure 1 shows the following: 
The temperature of the soil gradually increases outward from the cooling source. Due 

to the different state and thermal conductivity of the soil in different zones, the variation 
rules of temperature and distance are different; that is, the slope of the temperature field 
curve of the soil is different. After the free water in the frozen fringe is frozen, the water 
content decreases, which causes the free water in the unfrozen zone to migrate to the fro-
zen fringe under the action of capillaries, forming the water seepage direction shown in 
Figure 1. The soil freezing causes the porosity of the frozen zone and the frozen fringe to 
change, which makes the seepage velocity of each zone different. Under the action of 
freezing and water migration, the frozen fringe continues to move outward, and the fro-
zen zone continues to expand. 

2.2. Analysis Model of Soil Physical State in Freezing and Thawing Periods 
The Gilpin model ignores the mutation in the soil temperature during freezing and 

thawing caused by the latent heat of the phase change at the ice–water interface. At the 
same time, film water migrates to the freezing front and forms discontinuous segregation 
ice, which makes the frozen ice–water interface irregular and discontinuous [30]. In the 
process of a frozen fringe movement, the ice–water interface will move repeatedly, and 
the soil temperature will oscillate and mutate. Based on the Gilpin model, an analysis 
model of the soil physical state in the freezing and thawing periods was established by 
comprehensively considering the influence of latent heat on soil temperature, the irregu-
larity of the ice–water interface, and the segregation ice in the frozen fringe. The basic 
assumptions of the model are as follows: 

The soil during the construction process of AGF can be divided into three zones: fro-
zen zone, unfrozen zone, and frozen fringe. The interface between the frozen fringe and 
the frozen zone is the ice–water interface, and the interface between the frozen fringe and 
the unfrozen zone is the freezing front. The temperature field in each zone presents a lin-
ear distribution. The ice–water interface is not a solid unit, and latent heat cannot be con-
sumed or absorbed by the interface. There is a space entity with a certain thickness bearing 
latent heat; that is, the influence range of the latent heat is the width of the frozen fringe. 
Ignoring the thickness change in the frozen fringe during the development process, the 
influence range of latent heat remains unchanged. The frozen fringe has two layers: the 

Figure 1. Gilpin soil state analysis model.

Figure 1 shows the following:
The temperature of the soil gradually increases outward from the cooling source. Due

to the different state and thermal conductivity of the soil in different zones, the variation
rules of temperature and distance are different; that is, the slope of the temperature field
curve of the soil is different. After the free water in the frozen fringe is frozen, the water
content decreases, which causes the free water in the unfrozen zone to migrate to the
frozen fringe under the action of capillaries, forming the water seepage direction shown
in Figure 1. The soil freezing causes the porosity of the frozen zone and the frozen fringe
to change, which makes the seepage velocity of each zone different. Under the action of
freezing and water migration, the frozen fringe continues to move outward, and the frozen
zone continues to expand.

2.2. Analysis Model of Soil Physical State in Freezing and Thawing Periods

The Gilpin model ignores the mutation in the soil temperature during freezing and
thawing caused by the latent heat of the phase change at the ice–water interface. At the same
time, film water migrates to the freezing front and forms discontinuous segregation ice,
which makes the frozen ice–water interface irregular and discontinuous [30]. In the process
of a frozen fringe movement, the ice–water interface will move repeatedly, and the soil
temperature will oscillate and mutate. Based on the Gilpin model, an analysis model of the
soil physical state in the freezing and thawing periods was established by comprehensively
considering the influence of latent heat on soil temperature, the irregularity of the ice–water
interface, and the segregation ice in the frozen fringe. The basic assumptions of the model
are as follows:

The soil during the construction process of AGF can be divided into three zones:
frozen zone, unfrozen zone, and frozen fringe. The interface between the frozen fringe and
the frozen zone is the ice–water interface, and the interface between the frozen fringe and
the unfrozen zone is the freezing front. The temperature field in each zone presents a linear
distribution. The ice–water interface is not a solid unit, and latent heat cannot be consumed
or absorbed by the interface. There is a space entity with a certain thickness bearing latent
heat; that is, the influence range of the latent heat is the width of the frozen fringe. Ignoring
the thickness change in the frozen fringe during the development process, the influence
range of latent heat remains unchanged. The frozen fringe has two layers: the side near the
ice–water interface is the segregation ice layer, where the free water is in the mixed state of
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ice water, that is, the segregation ice and liquid water (the interface between the two also
forms the ice–water interface); the side near the freezing front is the liquid water layer, and
the free water is liquid in this layer. The free water phase change occurs instantaneously at
the ice–water interface and generates latent heat. The direction of the latent heat transfer is
the same as that of the temperature path. Compared with the latent heat of the water, the
sensible heat of the soil is ignored.

In Figure 2, the freezing front is the energy field interface, which can penetrate the soil
particles and is the farthest distance affected by the latent heat, which is obtained from the
connection deviation of the ice–water interface at the farthest end. The one-dimensional
temperature field distribution curves of the soil at different times when the latent heat of
the phase change and segregation ice are ignored are shown in Figure 3.
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In Figure 3, lines 1©, 2©, and 3© represent the one-dimensional temperature field
distribution curves of the soil at different times; T1, T2, T3, and T4, respectively, are the
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interface temperature between the frozen zone and cooling source, ice–water interface
temperature, freezing front temperature, and the unfrozen zone boundary temperature
at the time represented by line 2©; Ka, and Kb, respectively, represent the slopes of curves
in the frozen zone and unfrozen zone. The thermal conductivity of the frozen zone is
different from that of the unfrozen zone, and thus the slope of the curve changes at the
ice–water interface. The thickness of the frozen fringe is unchanged, so the temperature of
the freezing front does not change. In addition, the freezing temperature of the soil is the
same. Therefore, lines 1© and 3© in Figure 3 can be obtained by longitudinal translation of
line 2©.

During the freezing period, the frozen fringe develops from the frozen zone to the un-
frozen zone, the curve moves in the order of 3©→ 2©→ 1©, and the soil temperature generally
decreases. During the thawing period, the frozen fringe retracts from the unfrozen zone
to the frozen zone, the curve moves in the order of 1©→ 2©→ 3©, and the soil temperature
shows an increasing trend.

The phase change and migration of the free water in the soil are the main causes of
the frozen fringe movement. In addition, the latent heat is released or absorbed during the
phase change, which leads to mutations in the soil temperature. Therefore, on the basis
of Figure 3, considering the influence of the latent heat, the one-dimensional temperature
field distribution curve of line 2© can be obtained, as shown in Figure 4 .
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In Figure 4, the temperature of the soil at the ice–water interface mutates due to
the influence of the latent heat. Since the influence range of the latent heat is the frozen
fringe, the temperature at the freezing front remains unchanged. The temperature of
mutation (Tti − T2, i = 1, 2, 3) of different soils is different. Therefore, there are three change
modes of the soil temperature in the frozen fringe: rising, falling, or unchanged, and the
corresponding slope of the curve is Kti (i = 1, 2, 3).

The thermal conductivity κ is the heat passing through the soil in a unit area in a
unit of time under a unit temperature gradient. The thermal conductivity of the soil is a
quantitative expression of the thermal capacity of the soil.

It can be expressed by Fourier’s law as follows:

Q = −κ
dT
dx

A (1)
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where Q is heat; κ is the thermal conductivity; A is the heat transfer area; and T is
the temperature.

According to Equation (1), when the thermal conductivity κ and heat transfer area
A are constant, the soil temperature is determined by the heat Q. The heat in the soil is
mainly affected by the external heating source, the cooling source, and the latent heat of the
phase change. Assuming the heat provided by the external heating source and the cooling
source is Qex, the total heat causing soil temperature change is Qt, and the heat of the phase
change in the free water in the soil is Qp.

Qt = Qex + Qp (2)

According to the one-dimensional temperature field distribution curve of soil, the
temperature field state during freezing and thawing is analyzed.

(1) During freezing, the cooling capacity diffuses outward from the cooling source,
and the temperature of the soil decreases accordingly. The temperature path is shown in
Figure 5.
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In Figure 5, the temperature of the soil shows an overall upward trend from the
cooling source to the outside. At the ice–water interface, the free water solidifies and
exotherms, and the temperature mutates. The soil in the frozen fringe absorbs latent heat
and heats up, and the direction of the latent heat transfer is the same as the direction of the
temperature path.

The frozen and unfrozen zones are not affected by the latent heat, Qp = 0, Qt = Qex.
During the freezing period, Qex < 0, and the absolute value of the external heat from the
self-cooling source gradually decreases until it reaches 0. Therefore, the temperature of
soil increases gradually in the frozen and unfrozen zones. In the frozen fringe, the soil is
affected by the latent heat, and Qp > 0. Therefore, the soil temperature of mutation increase
on the original basis. The closer the soil is to the ice–water interface, the more obvious the
effect of the latent heat, and the greater the temperature of mutation.

(2) During thawing, the cooling source no longer provides cooling capacity. Assuming
that the interface between the frozen zone and the cooling source is a completely insulated
interface and no heat transfer occurs, the heat of the soil thawing comes from the normal
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temperature soil in the unfrozen zone. Under the action of the temperature gradient, the
heat diffuses from the unfrozen zone to the frozen zone. The temperature path is shown in
Figure 6.
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As shown in Figure 6, the temperature of the soil gradually decreases from the bound-
ary of the unfrozen zone to the frozen zone. The frozen fringe acts as an endothermic carrier,
absorbing heat from the outside and transferring it to the ice–water interface. When the ice
melts and absorbs the heat, the soil temperature mutative decreases, and the direction of
latent heat transfer is the same as that of the temperature path.

The frozen and unfrozen zones are not affected by the latent heat, Qp = 0, Qt = Qex.
During the thawing period, Qex > 0, gradually decreasing from the unfrozen zone to
the frozen zone. Therefore, the temperature in the frozen and unfrozen zones gradually
decreases. When Qp > 0, the soil temperature mutation increases compared with that of the
original path. The closer the soil is to the ice–water interface, the larger the value of Qp,
and the larger the temperature mutation generated. At the ice–water interface, Qp reaches
its peak, and the temperature mutation value reaches its maximum, which is eventually
absorbed by the ice and transformed into the internal energy of water.

2.3. Development Process of Frozen Fringe and Temporal Variation in Soil Temperature

During the period of freezing and thawing, the temperature of the soil changes dy-
namically with time, and the zone of the soil constantly changes with the movement of the
frozen fringe. However, the temperature of the soil changes differently in each zone. There-
fore, the temperature of the soil varies with time in different stages. In this section, based
on the one-dimensional temperature field distribution curve, the development process of
the frozen fringe and the temporal variation in the soil temperature are studied.

(1) During freezing, the ice–water interface moves to the unfrozen zone, and the frozen
zone expands. The development process of the frozen fringe and the interval variation
of soil at the temperature probe can be represented by the one-dimensional temperature
distribution curve at different times, as shown in Figure 7.
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Figure 7. One-dimensional temperature distribution curves at different times during freezing.

In Figure 7, lines 1©, 2©, and 3© represent the one-dimensional temperature field
distribution curves of the soil at different times during the freezing period, developing in
the order of 1©→ 2©→ 3©. The frozen zone, the frozen fringe, and the unfrozen zone are the
divisions of the soil at the time represented by line 1©.

The interval variation in the soil at the temperature probe during the freezing period
can be divided into the following three stages: soil located in the unfrozen zone (line 1©),
soil located in the frozen fringe (line 2©) and soil located in the frozen zone (line 3©).
When the soil is located in the unfrozen zone, the probe temperature is the unfrozen zone
temperature and gradually decreases with time. When the frozen fringe develops and
moves to the location of the probe, the probe temperature is the frozen fringe temperature,
which may rise, stay the same, or decrease with time. With the continuous development of
the frozen fringe, the ice–water interface passes through the location of the temperature
probe, and the temperature mutative decreases. Then, the probe enters the frozen zone,
and the probe temperature is the frozen zone temperature, which gradually decreases
with time.

The displacement of objects is relative. When the ice–water interface is taken as the
reference frame, the soil at the temperature probe moves from the unfrozen zone to the
frozen zone during the freezing period, and the movement direction is opposite to the
direction of the temperature path in Figure 5. Therefore, the temperature variation curve of
the soil with temporal during the freezing period is obtained, as shown in Figure 8.
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In Figure 8, T1, T2, T3, and T4, respectively, represent the interface temperature
between the frozen zone and cooling source, the ice–water interface temperature, the
freezing front temperature, and the unfrozen zone temperature. Tti − T2, (i = 1, 2, 3) is the
temperature of mutation; K1 is the slope of the temperature variation curve with temporal
when the soil at the temperature probe is located in the unfrozen zone; K21, K 22, and K23,
are the slopes of the curves when the soil is located in the frozen fringe; K3 is the slope
of the curve when the soil is located in the frozen zone. The slope of the temperature
curve with temporal is different from the slope of the one-dimensional temperature field
distribution curve.

(2) During thawing, as the ice in the soil melts and the ice–water interface moves
toward the frozen zone, the development process of the frozen fringe and the interval
variation in the soil at the temperature probe can be represented by the one-dimensional
temperature distribution curve at different times, as shown in Figure 9.
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In Figure 9, lines 1©, 2©, and 3© represent the one-dimensional temperature field
distribution curves of the soil at different times during the thawing period, developing in
the order of 1©→ 2©→ 3©. The frozen zone, the frozen fringe, and the unfrozen zone are the
divisions of the soil at the time represented by line 1©. The interval variation in the soil at
the temperature probe during the thawing period can be divided into the following three
stages: soil located in the frozen zone (line 3©), soil located in the frozen fringe (line 2©),
and soil located in the unfrozen zone (line 1©). When the soil is located in the frozen zone,
the probe temperature is frozen temperature and gradually increases with time. When
the ice–water interface moves to the location of the probe, the probe temperature is the
frozen fringe temperature, which may rise, stay the same, or decrease with time. With the
continuous development of the frozen fringe, the probe enters the unfrozen zone, and the
probe temperature is the unfrozen zone temperature, which gradually increases with time.

When the ice–water interface is taken as the reference frame, the soil at the temperature
probe moves from the unfrozen zone to the frozen zone during the thawing period, and
the movement direction is opposite to the direction of the temperature path in Figure 6.
Therefore, the temperature variation curve of the soil with temporal during the thawing
period is obtained, as shown in Figure 10.

In Figure 10, T1, T2, T3, and T4, respectively, represent the frozen zone temperature, ice–
water interface temperature, freezing front temperature, and unfrozen zone temperature.
Tti − T2, (i = 1, 2, 3) is the temperature of mutation; K1 is the slope of the temperature
variation curve with temporal when the soil at the temperature probe is located in the
unfrozen zone; K21, K22, and K23 are the slopes of the curves when the soil is located in the
frozen fringe; K3 is the slope of the curve when the soil is located in the frozen zone.
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Figure 10. Temperature variation curve of soil with temporal during thawing.

There is not just liquid water in the frozen fringe, but also a lot of discontinuous segre-
gation ice. Therefore, in the movement process of the frozen fringe, the ice–water interface
will pass through the soil where the probe is located, resulting in repeated temperature
mutations. Finally, the one-dimensional temperature field distribution curve of a certain
soil (as shown in Figure 11) and the temperature variation curve of a certain soil with
temporal are obtained (as shown in Figure 12).

The temperature of the soil on both sides of the segregation ice layer is different, and
the freezing state is also different. Therefore, the freezing and thawing temperatures of the
same type of soil are different. As shown in Figures 11 and 12, the freezing index of the soil
is T2, and the thawing index is Tt. During the freezing period, when the temperature of the
probe is lower than the freezing index T2, the soil has finished freezing. During the natural
thawing period, when the temperature of the probe is higher than the thawing index Tt,
the soil has finished thawing.
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3. Indoor Model Test
3.1. Test Systems

In order to simulate the temporal and spatial variation in temperature during the
freezing and thawing of the frozen soil of a subway cross passage, Hangzhou muddy silty
clay located in the typical soft soil area was selected to carry out the indoor model test.
The test system is composed of a refrigeration module, a freezing construction simulation
module of a subway cross passage, and a temperature measurement module, as shown in
Figure 13.
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The refrigeration module is composed of a refrigerator, PC, and freezing pipe to
provide a cooling source to freeze the soil. The refrigerant is a calcium chloride solution
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with the same proportions as those used in the AGF construction project of a subway
cross passage. The freezing pipe selected Φ20 mm × 2 mm copper pipe, prefabricated in
the freeze–thaw model, with a total of 8 octagonal arrangements, and a pipe spacing of
100 mm.

The freezing construction simulation module of the subway cross passage is composed
of a freeze–thaw model and a tunnel model to simulate the freezing and thawing process
of the soil in the freezing construction of subway cross passage.

The outer diameter of the freeze–thaw model is 1000 mm × 1000 mm × 1000 mm, the
wall thickness of the model is 51.5 mm, it is made of stainless steel hollow plate, the plate is
filled with foam as insulation sandwich, and the bottom thickness of the model is 40 mm; it
is made of solid steel plate.

The tunnel model size is determined according to the principle of geometric similarity.
The prototype of this model test is a subway tunnel in Hangzhou, whose outer diameter
is 6.2 m, inner diameter is 5.5 m, and segment thickness is 0.35 m. The size relationship
between the model and prototype is shown in Equation (3).

6.2
D

=
5.5
d

=
0.35

a
= C (3)

where D is the outer diameter of the model, d is the inner diameter of the model, a is the
wall thickness of the model, and C is the similarity constant.

The maximum outer diameter of the freeze–thaw model that can accommodate the
tunnel is 10 mm; therefore, D is 10 mm, the similarity constant C is 62, the inner diameter
of the model d is 9 mm, and the thickness of the model tube a is 5 mm.

The temperature measurement module is composed of a temperature probe and
thermometer to measure and record the soil temperature at different positions at different
times. The temperature probe is buried at different positions in the soil to measure the soil
temperature of the point to be measured, and the temperature data are read and recorded
by the thermometer.

3.2. Test Scheme

A total of 20 temperature probes were buried at different locations in the soil to
monitor the temperature changes during freezing and thawing. The longitudinal section
design of this test is shown in Figure 14a. For the convenience of the results analysis
and text description, the test system was divided into two sections, A and B, along the
longitudinal direction, and each section was divided into two axes and five rings, as shown
in Figure 14b,c.

The temperature recording interval of the thermodetector was set to 1 min, and the
cooling temperature of the refrigerating machine was set to −18 ◦C. During the test, the
temperature of the soil was monitored in real time. When the temperature of all the
probes reached a stable state, the refrigerating machine was closed to allow the soil to
thaw naturally.
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4. Indoor Test Results and Discussion
4.1. Temporal and Spatial Variation in Soil Temperature during Freezing Period

The temporal variation law of the soil temperature was analyzed using the variation
curve of the temperature at the temperature probe with temporal. The spatial variation law
of the soil temperature was analyzed by controlling all aspects of the frozen soil curtain,
and the distance from the temperature probe to the central ring of the freezing pipe was
used as the independent variable. There are five different distance levels. Among them,
ring 1 is inside the central ring, 90 mm away from the central ring, and the probe is located
on the inner wall of the tunnel model. Ring 2 is inside the central ring, 85 mm away from
the central ring, and the probe is located on the outer wall of the tunnel. Ring 3 is the
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central ring, and the probe is located at the midpoint of the two adjacent freezing pipes.
Ring 4 is on the outside of the central ring, 85 mm away from the central ring, and the
probe is located in the soil. Ring 5 is on the outside of the central ring, 170 mm away from
the center ring, and the probe is located in the soil. The temperature variation curves of the
probes with temporal during the freezing period are shown in Figure 15.
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(1) The temporal variation law of the soil temperature during freezing
In this test, a total of 20 groups of temperature variation curves with temporal were

obtained. The curves were basically the same and showed a downward trend; that is,
the soil temperature gradually decreased with time. The initial temperature was 10 ◦C;
when the temperature decreased to 0 ◦C, it increased; then, when it increased to 0.9 ◦C,
the temperature mutative decreased to −1 ◦C; following this, the temperature mutated
repeatedly between −1 and 0.9 ◦C; then, it continued to decrease from −1 ◦C and tended to
be stable. According to the test results, the temperature variation curves of the Hangzhou
muddy silty clay during freezing are shown in Figure 16.
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Figure 16. Temperature variation curves of the Hangzhou muddy silty clay during constant tempera-
ture freezing.

In Figure 16, the cooling of the unfrozen zone, the heating of the phase transition,
and the cooling of the frozen zone are the three stages of soil temperature change during
the freezing period. T1 is the initial temperature before the soil freezes, and T2 is the
stable temperature when the soil temperature reaches a stable state. This conforms to the
K1-K21-K3 curve in Figure 8.

The temperature of the soil at the probe showed a repeated mutation phenomenon
in the range of −1~0.9 ◦C, which is consistent with the analysis results in Figure 12. In
addition, it can be seen that the temperature on the frozen soil side of the ice–water interface
of the Hangzhou muddy silty clay was−1 ◦C, the temperature on the unfrozen soil side was
0.9 ◦C, and the temperature of mutation was 1.9 ◦C. Combined with Figure 12, the soil was
completely frozen when the probe temperature was lower than −1 ◦C. This temperature
can be used as the freezing index of Hangzhou muddy silty clay.

(2) One-dimensional temperature field distribution of soil during freezing
The temperature curves of rings 1, 2, and 3 with temporal basically coincide before

the temperature reaches −1 ◦C. Then, the temperature of ring 3 is basically higher than
that of rings 1 and 2, and the temperatures of rings 1 and 2 are basically the same. The
temperature of ring 4 is always higher than that of ring 3, and the temperature of ring 5 is
always higher than that of ring 4.

The soil temperature at different distances from the freezing center at different stages is
different, and there is an obvious temperature gradient in the one-dimensional temperature
field [31]. This phenomenon is explained in combination with Figure 14.

In Figure 14, the freezing center is the center of the central ring (coinciding with the
center of the tunnel model). R1, R2, R3, R4, and R5 are the radii of rings 1, 2, 3, 4, and
5, respectively, i.e., the distance between the temperature probe and the freezing center.
Ring 3 is the central ring, whose radius is the distance between the center of the freezing
pipe and the freezing center. The freezing pipe is divided into inner and outer parts by
the central ring. The cold capacity of the inner and outer sides of the freezing pipe is the
same, but the soil area of the two sides is different. Taking rings 2 and 4 as an example, the
distance between the two rings and the central ring is 85 mm. Since the cold capacity Q is
the same, the cold capacity of the soil of rings 2 and 4 per unit area is as follows:

q2 =
Q

2πR2dx
(4)

q4 =
Q

2πR4dx
(5)
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where q2 is the per unit area cooling capacity of the soil of ring 2, and q4 is the per unit area
cooling capacity of the soil of ring 4.

From R2 < R4, as in Equations (4) and (5), it is known that q2 > q4. Therefore, during
the freezing period, the temperature of ring 2 is always lower than that of ring 4. Similarly,
it is known that q1 ≈ q2 > q4 > q5. The temperature of ring 3 is basically the same as that
of rings 1 and 2 before freezing, indicating that q1 ≈ q2 ≈ q3 before freezing.

In summary, the soil temperature starts from the central ring and gradually increases
to the boundary of both the inner and outer sides. The test results are consistent with
the analytical results in Figure 5. On the same side of the central ring, the farther away
from the central ring, the higher the temperature of the soil, and the higher the freezing
stability temperature. The effect of distance on the temperature of the soil is, in essence, that
the distance changes the cooling capacity of the soil per unit area, and the reason for the
difference in the temperature of the soil at the same distance on both sides is the difference
in the cooling capacity of the soil per unit area. Therefore, during the freezing period, the
cooling laws of soil at the same distance inside and outside the central ring are different.
The actual temperature of a certain point in the soil is related to the cooling capacity of the
soil per unit volume. The greater the cooling capacity, the lower the soil temperature [3].

4.2. Temporal and Spatial Variation of Soil Temperature during Freezing Period

(1) The temperature variation curves of the probes with temporal during the thawing
period are shown below.

As shown in Figure 17, the temperature variation curves of each temperature probe
with temporal during thawing are basically the same and showed an upward trend; that is,
the soil temperature gradually decreased with temporal. When the temperature reached
−1 ◦C, the temperature mutative increased to 0.9 ◦C, then, the temperature mutated re-
peatedly between −1 and 0.9 ◦C; following this, it slowly decreased from 0.9 ◦C to 0 ◦C
and continued to decrease until the stable temperature during thawing was about 10 ◦C.
According to the test results, the temperature variation curves of the Hangzhou muddy
silty clay during natural thawing are shown in Figure 18.

The temperature of the soil at the probe showed a repeated mutation phenomenon
in the range of −1~0.9 ◦C, which is consistent with the analysis results in Figure 12. In
addition, during the thawing period, the temperature on the frozen soil side of the ice–water
interface of the Hangzhou muddy silty clay was −1 ◦C, the temperature on the unfrozen
soil side was 0.9 ◦C, and the temperature of mutation was 1.9 ◦C. Combined with Figure 12,
the soil was completely thawed when the probe temperature was higher than 0.9 ◦C. This
temperature can be used as the thawing index of Hangzhou muddy silty clay.

(2) One-dimensional temperature field distribution of soil during freezing
Before the soil temperature reached 0.9 ◦C, the temperature relationship between each

ring temperature probe was Tring5 > Tring4 > Tring3 > Tring2 ≈ Tring1. The soil temperature
closest to the freezing pipe increases to a positive value [32].

The one-dimensional temperature field at the air interface shows an obvious tempera-
ture gradient before and after thawing. The closer it is to the freezing center, the lower the
soil temperature; the closer it is to the air interface, the higher the soil temperature. The
distribution state of the temperature field is similar to that in Figure 6. The one-dimensional
temperature field distribution state of the box wall interface before thawing is similar to that
of the air interface, with an obvious temperature gradient. After thawing, the temperature
gradient of each ring is no longer obvious.



Sustainability 2023, 15, 3663 17 of 19

Sustainability 2023, 15, x FOR PEER REVIEW 16 of 19 
 

4
4

Q
2 dx

q
Rπ

=  (5)

where 2q  is the per unit area cooling capacity of the soil of ring 2, and 4q  is the per unit 
area cooling capacity of the soil of ring 4. 

From 2 4R R< , as in equations (4) and (5), it is known that 2 4q q> . Therefore, dur-
ing the freezing period, the temperature of ring 2 is always lower than that of ring 4. Sim-
ilarly, it is known that 1 2 4 5q q q q≈ > > . The temperature of ring 3 is basically the same 

as that of rings 1 and 2 before freezing, indicating that 1 2 3q q q≈ ≈  before freezing. 
In summary, the soil temperature starts from the central ring and gradually increases 

to the boundary of both the inner and outer sides. The test results are consistent with the 
analytical results in Figure 5. On the same side of the central ring, the farther away from 
the central ring, the higher the temperature of the soil, and the higher the freezing stability 
temperature. The effect of distance on the temperature of the soil is, in essence, that the 
distance changes the cooling capacity of the soil per unit area, and the reason for the dif-
ference in the temperature of the soil at the same distance on both sides is the difference 
in the cooling capacity of the soil per unit area. Therefore, during the freezing period, the 
cooling laws of soil at the same distance inside and outside the central ring are different. 
The actual temperature of a certain point in the soil is related to the cooling capacity of the 
soil per unit volume. The greater the cooling capacity, the lower the soil temperature [3]. 

4.2. Temporal and Spatial Variation of Soil Temperature during Freezing Period 
The temperature variation curves of the probes with temporal during the thawing 

period are shown below. 

As shown in Figure 17, the temperature variation curves of each temperature probe 
with temporal during thawing are basically the same and showed an upward trend; that 
is, the soil temperature gradually decreased with temporal. When the temperature 
reached −1 °C, the temperature mutative increased to 0.9 °C, then, the temperature mu-
tated repeatedly between −1 and 0.9 °C; following this, it slowly decreased from 0.9 °C to 
0 °C and continued to decrease until the stable temperature during thawing was about 10 
°C. According to the test results, the temperature variation curves of the Hangzhou 
muddy silty clay during natural thawing are shown in Figure 18. 

(a) (b) 

Sustainability 2023, 15, x FOR PEER REVIEW 17 of 19 
 

  
(c) (d) 

Figure 17. Temperature variation curves of the probes with temporal during the thawing period. (a) 
Section A, line 1; (b) section A, line 2; (c)section B, line 1; (d) section B, line 2. 

 
Figure 18. Temperature variation curves of the Hangzhou muddy silty clay during natural thawing. 

The temperature of the soil at the probe showed a repeated mutation phenomenon 
in the range of −1~0.9 °C, which is consistent with the analysis results in Figure 12. In 
addition, during the thawing period, the temperature on the frozen soil side of the ice–
water interface of the Hangzhou muddy silty clay was −1 °C, the temperature on the un-
frozen soil side was 0.9 °C, and the temperature of mutation was 1.9 °C. Combined with 
Figure 12, the soil was completely thawed when the probe temperature was higher than 
0.9 °C. This temperature can be used as the thawing index of Hangzhou muddy silty clay. 

(2) One-dimensional temperature field distribution of soil during freezing 
Before the soil temperature reached 0.9 °C, the temperature relationship between 

each ring temperature probe was 5 4 3 2 1ring ring ring ring ringT T T T T≈> > > . The soil temper-
ature closest to the freezing pipe increases to a positive value [32]. 

The one-dimensional temperature field at the air interface shows an obvious temper-
ature gradient before and after thawing. The closer it is to the freezing center, the lower 

Figure 17. Temperature variation curves of the probes with temporal during the thawing period.
(a) Section A, line 1; (b) section A, line 2; (c)section B, line 1; (d) section B, line 2.

Sustainability 2023, 15, x FOR PEER REVIEW 17 of 19 
 

  
(c) (d) 

Figure 17. Temperature variation curves of the probes with temporal during the thawing period. (a) 
Section A, line 1; (b) section A, line 2; (c)section B, line 1; (d) section B, line 2. 

 
Figure 18. Temperature variation curves of the Hangzhou muddy silty clay during natural thawing. 

The temperature of the soil at the probe showed a repeated mutation phenomenon 
in the range of −1~0.9 °C, which is consistent with the analysis results in Figure 12. In 
addition, during the thawing period, the temperature on the frozen soil side of the ice–
water interface of the Hangzhou muddy silty clay was −1 °C, the temperature on the un-
frozen soil side was 0.9 °C, and the temperature of mutation was 1.9 °C. Combined with 
Figure 12, the soil was completely thawed when the probe temperature was higher than 
0.9 °C. This temperature can be used as the thawing index of Hangzhou muddy silty clay. 

(2) One-dimensional temperature field distribution of soil during freezing 
Before the soil temperature reached 0.9 °C, the temperature relationship between 

each ring temperature probe was 5 4 3 2 1ring ring ring ring ringT T T T T≈> > > . The soil temper-
ature closest to the freezing pipe increases to a positive value [32]. 

The one-dimensional temperature field at the air interface shows an obvious temper-
ature gradient before and after thawing. The closer it is to the freezing center, the lower 

Figure 18. Temperature variation curves of the Hangzhou muddy silty clay during natural thawing.



Sustainability 2023, 15, 3663 18 of 19

5. Conclusions

In this paper, the soil temperature variation during the construction of AGF in a
subway cross passage was studied using a soil physical state analysis model and an indoor
test. The one-dimensional temperature field distribution curve of the soil and temperature
variation curve of the soil with temporal were obtained. The results of the indoor test
verified the correctness of the model.

1. The temperature is not the same on both sides of the frozen fringe due to the effect
of latent heat. It is not appropriate to use the same temperature index to judge whether the
soil is frozen or thawed during the construction process. For Hangzhou muddy silty clay,
the freezing index is −1 ◦C, and the thawing index is 0.9 ◦C.

2. During the freezing period, the temperature gradient between the various sectors
is obvious. The actual temperature of a certain point in the soil is related to the cooling
capacity of the soil per unit volume. During natural thawing, the temperature gradient
at the air interface is still obvious, and the thawing time is shorter the closer the soil is to
the air. During construction, attention should be paid to the condition of the soil at the
interface with the air.

In order to judge the soil freezing state during the AGF of subway cross passages, the
sampling interval and layout spacing of temperature probes can be appropriately shortened.
According to the physical state analysis model of soil provided in this paper, the frozen soil
curtain condition can be analyzed using the temperature variation curve with temporal
and the temperature field distribution curve.
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