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Abstract: The formation quality of a frozen wall is one of the prerequisites for tunnel excavation
using artificial ground freezing techniques. However, the non-uniformity of temperature distribution
along the length direction of the freezing pipe is often ignored in the actual freezing engineering,
which leads to a thin frozen wall at a local position that does not meet the design requirements.
Therefore, exploring the evolution law of three-dimensional non-uniform freezing temperature fields
is necessary. In this paper, a tunnel horizontal freezing model test system was established based on
the similarity criterion of hydro–heat coupling, and the temperatures at three sections were tested
using thermocouple temperature sensors. The results show that the temperature drop curves of
measurement points suffer from three periods: steep drop, slow drop and tending to be stable. The
temperature curves on the main and vice planes of the frozen wall all present a “V” type; specifically,
the temperature on the axis plane is the lowest, while the temperature away from the axis plane is
higher, and the temperature gradient outside the axis plane is greater than that inside. The frozen
wall develops from frozen soil columns to a sector ring, and the average thickness of the frozen
wall at three sections is 50.6, 40.7 and 75.1 mm after freezing for 60 min, respectively, which shows
an obvious non-uniformity. The temperature distribution along the length of the freezing pipe is
T = −0.000045z2 + 0.0205z − 13.5125. The freezing temperature contours calculated by ABAQUS are
basically consistent with those calculated by the model test after calling the temperature function of
the freezing pipe wall.

Keywords: tunnel; horizontal freezing; non-uniformity; freezing temperature field

1. Introduction

Artificial ground freezing techniques, used as ground reinforcement methods that
freeze pore water into ice to form an impermeable layer, have the advantages of good water
sealing, high strength and stiffness, strong adaptability, green environmental protection
and so on, so they are widely used in underground engineering. In freezing construction,
it is very important to master the thickness of the frozen wall, which depends on the
distribution of the freezing temperature field. Thus, exploring the evolution law of the
freezing temperature field is the foundation of tunnel construction using artificial ground
freezing techniques [1,2]. Scholars’ research achievements through the following three
methods are mainly as follows:

(1) Theoretical analysis: Trupak [3] and Bakholdin [4] presented the calculation methods
of single-piped, single-circle-piped and double-circle-piped steady-state freezing tem-
perature fields. Subsequently, Sanger and Sayles [5,6] optimized the analytical solution
of a single-circle-piped freezing temperature field. On this basis, Tobe [7] derived
an analytical solution for a multi-circle-piped freezing temperature field, and then
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Hu [8–12] optimized these analytical solutions. In addition, Aziz [13], Hosseini [14],
Jiji [15], Jiang [16] and Cai [17] derived the analytical solution of a single-piped tran-
sient freezing temperature field.

(2) Numerical simulation: Yang [18], Yu [19,20], Fu [21] and Cai [22] studied the dis-
tribution law of the freezing temperature field of a subway connecting passage by
different finite element software. Hong [23] studied the evolution law of the local
horizontal freezing temperature field of an underground tunnel with a shallow depth
by ABAQUS. Hu [24] studied the distribution law of the cup-type freezing tempera-
ture field of the tunnel port and found that the closure of outer-circle pipes was earlier
than that of inner-circle pipes.

(3) Model tests: Shang [25] established a rectangular tunnel construction model and found
that the outer edge of the frozen wall developed slowly due to the heat dissipation
of the model surface. Shi [26] established a shield docking freezing model and
determined the positive freezing time. Cai [27] and Duan [28] established a pipe-roof
freezing model with different types of freezing pipe and found that the freezing effect
of an empty pipe with a double circular freezer was the best. Zhang [29] established a
tunnel vertical freezing model and found that the thickness of the basin-type frozen
wall upstream was smaller than that downstream.

None of the above studies consider the loss of cooling capacity along the length
direction of the freezing pipe, which leads to the three-dimensional non-uniformity of the
freezing temperature field in actual engineering. In this paper, a tunnel horizontal freezing
model test system was established based on the similarity theory to explore the evolution
law of the three-dimensional non-uniform transient temperature field of construction of an
underground tunnel using the local horizontal freezing method.

2. Model Test Design
2.1. Project Overview

A local horizontal freezing project is located south of the section between the Dabeiyao
and thermal power plant section of the Beijing Metro Fu-ba line [23]. The buried depth of
this tunnel is 10 m, and the maximum excavation diameter is 3.0 m. A 1.2 m-thick freezing
mild clay layer at the arch of the tunnel was formed through 8 freezing pipes with an outer
diameter of 108 mm. There are some long-term disrepaired sewage pipelines over the
tunnel, and the downward seepage is serious. The mild clay layer is in a saturated state all
year round, and soil mass moisture content can reach 21.72%.

2.2. Derivation of Similarity Criteria

The heat conduction differential equation of soil freezing is as follows:

∂θn

∂τ
= an

(
∂2θn

∂r2 +
1
r

∂θn

∂r

)
(0 < r0 < r < ∞ , τ > 0 , n = 1 , 2) (1)

where r is radial coordinate, e is time; θ is soil temperature, which is the temperature of
unfrozen area when n = 1 and that of frozen area when n = 2, r0 is the outer radius of
freezing pipes, and a is the thermal diffusivity of soil.

The initial and boundary conditions of soil freezing temperature field [30] are
θ(r, 0) = θ0
θ(∞, τ) = θ0
θ(ρ, τ) = θ f
θ(r0, τ) = θy

(2)

where θ0 is the initial temperature of soil, ρ is the external surface coordinates of frozen
wall, θ f is the freezing temperature of soil, θy is the wall temperature of freezing pipes.
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The heat balance equation at the freezing front (r = ρ) is

λ2
∂θ2

∂r
∣∣r=ρ − λ1

∂θ1

∂r
∣∣r=ρ = L

dρ

dτ
(3)

where λ is the thermal conductivity of soil, L is the latent heat of soil.
According to Equations (1)–(3), the similarity criterion equation of soil freezing tem-

perature field can be obtained by equation analysis method.

F(F0, K0, R, θ) = 0 (4)

where F0 = aτ
r2 is the Fourier criterion of temperature field; K0 = L

cθ is Kosović criterion and
c is the specific heat of soil; R is geometric criterion, and θ is temperature criterion.

In the model test, the soil was taken from the site, Cρ = 1, Ca = 1, Cc = 1, CL = 1. The
water content of soil is the same, so the latent heat released during freezing is equal, which
is substituted into Equation (4) to obtain:

Cτ = Cr
2 (5)

Cθ = 1 (6)

Equation (5) shows that the time similarity ratio in the model test is the square of the
geometric similarity ratio; according to Equation (6), the temperature of each point in the
model test is the same as that of each corresponding point in the prototype.

Water migration occurs in the soil freezing process, and its essence is the humidity
field problem in the freezing process. The mathematical model is:

∂h
∂τ

= b
(

∂2h
∂r2 +

1
r

∂h
∂r

)
(7)

The boundary condition is: 
h(r, 0) = h0
h(∞, τ) = h0
h(ρ, τ) = 0

(8)

where h is humidity, and b is moisture conductance.
According to Equations (7) and (8), the similarity criterion equation of soil moisture

field can be obtained by the equation analysis method as follows:

F(Fh, R, H) = 0 (9)

where Fh = bτ
r2 is the Fourier criterion of humidity field, H is humidity criterion.

It shows that the water transfer process and soil freezing process are similar in the
mathematical model, and they all obey the Fourier criterion. Therefore, under the condition
of geometric similarity, as long as the temperature field is similar, the humidity field is also
similar to the temperature field.

In this paper, the similarity ratio of geometry (Cl) in the model test was determined to
be 30; this ratio can be used to calculate the similarity ratio of other parameters (Table 1)
according to the aforementioned similarity criteria.

In Table 1, the similarity ratio is the ratio of the value of the same physical quantity
in the prototype to that in the model; that is, the size will be reduced by 30 times and
time will be reduced by 900 times in the model test, while temperature, humidity (soil
moisture), density, thermal conductivity, specific heat and latent heat of phase change
remain consistent with those in the prototype.
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Table 1. Similarity ratios.

Parameter Similarity Ratio

Geometry (m) 30
Time (s) 900

Temperature (◦C) 1
Humidity (%) 1

Density (kg/m3) 1
Thermal conductivity (kcal·m−1·d−1·◦C−1) 1

Specific heat (kcal·kg−1·◦C−1) 1
Latent heat of phase change (kcal·kg−1) 1

2.3. Model Test System

Figure 1 shows the tunnel horizontal freezing model test system, which includes a
model box, freezing system and temperature measurement system.
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Figure 1. Three-dimensional diagram of model test system.

(1) Model box

The size of the model box in Figure 2e was 1000 mm × 800 mm × 700 mm, and
freezing pipes in Figure 2f were set horizontally along the width direction of the box. The
parameters of mild clay are shown in Table 2.

Table 2. Soil parameters.

Parameter Density
/(kg/m3)

Thermal Conductivity
/(kcal/(m ◦C·d))

Specific Heat
/(kcal/(kg·◦C))

Latent Heat of Phase Change
/(kcal/kg)

Freezing Temperature
/(◦C)

Mild
clay

Unfrozen
2100

23.00 0.357
8.93 −1Frozen 38.06 0.240
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Figure 2. Tunnel horizontal freezing model test system: (a) the control panel of low-temperature con-
stant temperature bath; (b,c): TDS-630 multi-point data acquisition instrument; (d) low-temperature
thermostat; (e) model box; (f) mild clay and freezing pipes in the model box.

(2) Freezing system

As shown in Figure 2a,d, the freezing equipment adopted the low-temperature thermo-
stat produced by Jiangsu Hengnuo Instrument Manufacturing Co., Ltd. (Nanjing, China),
which allowed alcohol to maintain a temperature of −21 ◦C for cycle operation. The test time
was set as 72 min, where the positive time was 60 min, and the design thickness of the frozen
wall was set as 40 mm. In this model test, 4 freezing pipes with an outer diameter of 8 mm
were determined by the equivalent heat transfer and similarity criteria, and these pipes were
symmetrically distributed above the tunnel at an angle of 28◦. The structure of the freezing
pipe is a coaxial sleeve, and the circulation mode of alcohol is entering from the inner pipe
and leaving from the outer pipe, and its flow rate is 1.2 m3/h, as shown in Figure 3.
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(3) Temperature measurement system

A TDS-630 multi-point data acquisition instrument in Figure 2b,c was selected to
record temperature, and the acquisition frequency was set as 1 min/time. In this model
test, three temperature measurement sections were set along the length direction of the
freezing pipe, that was 50 mm, 250 mm and 450 mm from the orifice of the freezing pipe.
At each temperature measurement section, there were 23 measurement points in the soil
and 4 measurement points on the freezing pipe wall, as shown in Figure 3.

3. Model Test Results
3.1. Temperature Variation Analysis

The temperature duration curves of each measurement point at three sections in the
model test are shown in Figure 4.

Figure 4 shows that the temperature drop curves of the measurement points suffer
from three periods: steep drop, slow drop and tending to be stable. The temperature of the
measurement point between the adjacent two freezing pipes decreases faster, while that
outside the freezing pipe decreases slower. Figure 4a shows that the temperatures of mea-
surement points are all below –1 ◦C after freezing for 55 min. The temperature drop rates of
measurement point 11© are 0.365, 0.182 and 0.024 ◦C/min at three periods; Figure 4b shows
that the temperatures of measurement points are all below –1 ◦C after freezing for 70 min.
The temperature drop rates of measurement point 11© are 0.318, 0.120 and 0.011 ◦C/min at
three periods; Figure 4c shows that the temperatures of measurement points are all below
–1 ◦C after freezing for 60 min. The temperature drop rates of measurement point 6© are
0.334, 0.148 and 0.019 ◦C/min at three periods.
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3.2. Temperature Field Evolution Perpendicular to Freezing Pipes

The freezing temperature fields at three sections are shown in Figures 5–7 after freezing
for 4 min, 28 min, 44 min and 60 min.
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Figure 5. Temperature field at Section 1-1: (a) 4 min; (b) 28 min; (c) 44 min; (d) 60 min. 

-19-19

-19 -19

-13
-13

-11 -11

-10 -10

-11

-11

-6.0

-5.5 -5.5

-7.0

-7.0

-4.5

-5.5

-5.0-5.0

-4.5

-2.5

-2.0

-1.5

-125 -100 -75 -50 -25 0 25 50 75 100 125
50

60

70

80

90

100

110

120

130

140

150

Y
/m

m

X/mm

-21-16-14-11-8.5-6.0-3.5-0.80

Temperature/℃

 

-19-19

-19
-19

-15

-13
-13

-13

-13

-11

-11

-10

-10

-9.0

-9.0-8.0

-8.0

-7.0-7.0
-6.0

-6.0

-5.5
-4.0-3.0

-2.5
-1.0

-7.0

-6.0 -5.5-3.5 -2.0

-1.5

-1.0

-125 -100 -75 -50 -25 0 25 50 75 100 125
50

60

70

80

90

100

110

120

130

140

150

Y
/m

m

X/mm

-21-19-16-14-11-8.5-6.0-3.5-0.80

Temperature/℃

 
(a) (b) 

-19
-19

-19 -19 -17

-15

-15

-15
-15

-13-13

-13

-8.0

-7.0

-6.0

-6.0
-5.5

-5.5
-5.0 -4.5

-3.5

-2.5

-2.0

-8.0
-7.0

-6.0

-5.5

-5.0

-4.5

-3.5 -3.0

-2.5

-2.0

-1.5

-1.0

-125 -100 -75 -50 -25 0 25 50 75 100 125
50

60

70

80

90

100

110

120

130

140

150

Y
/m

m

X/mm

-21-19-16-14-11-8.5-6.0-3.5-0.80

Temperature/℃

18.9 mm

 

-2.0

-18
-18

-18 -18

-16

-16

-16

-16

-13 -13

-13

-13-11 -11

-10-10

-8.0

-8.0

-6.0

-6.0

-11

-5.5

-5.5

-5.0

-5.0

-10

-4.5
-4.5

-4.0

-4.0

-8.0

-6.0

-5.5-5.0

-4.5

-4.0-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-125 -100 -75 -50 -25 0 25 50 75 100 125
50

60

70

80

90

100

110

120

130

140

150

Y
/m

m

X/mm

-21-19-16-14-11-8.5-6.0-3.5-0.80

Temperature/℃

39.1 mm

 
(c) (d) 

Figure 6. Temperature field at Section 2-2: (a) 4 min; (b) 28 min; (c) 44 min; (d) 60 min. 
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Figure 5. Temperature field at Section 1-1: (a) 4 min; (b) 28 min; (c) 44 min; (d) 60 min.
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Figure 6. Temperature field at Section 2-2: (a) 4 min; (b) 28 min; (c) 44 min; (d) 60 min.
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Figure 7. Temperature field at Section 3-3: (a) 4 min; (b) 28 min; (c) 44 min; (d) 60 min. 
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Figures 5–7 show that after freezing for 4 min, a circular frozen soil column is formed
around the freezing pipes. After freezing for 28 min, the diameter of the frozen soil
columns further expands, the two frozen soil columns in the middle intersect first. After
freezing for 44 min, the frozen wall basically intersects, the thickness of the frozen wall
at the tunnel arch in three sections is 35.5 mm, 18.9 mm and 32.7 mm, respectively. After
freezing for 60 min, the frozen wall completely intersects, and the thickness of the frozen
wall at the tunnel arch in three sections is 45.7 mm, 39.1 mm and 47.3 mm, respectively.
Moreover, the freezing temperature field can be calculated by the single pipe freezing
theory within freezing for 28 min, while it can be calculated by the flat-panel freezing
theory [31] after freezing for 28 min. After freezing for 60 min, the order of the freezing
effect is Section 3-3 > Section 1-1 > Section 2-2.

To quantitatively analyze the non-uniformity of temperature distribution at three
sections, the temperature on two characteristic planes (the main and vice planes) of the
horizontal frozen wall are selected to draw curves. Where the main plane refers to the
characteristic plane passing through the center of the tunnel and each freezing pipe, the
vice plane refers to the characteristic plane passing through the center of the tunnel and the
midpoint of the connecting line between adjacent freezing pipes, while the axis plane refers
to the arrangement circle of freezing pipes, as shown in Figure 8.

Figures 9–11 show that the temperature curves on the main and vice planes of the
frozen wall present a “V” type; specifically, the temperature on the axis plane is the lowest,
while it gradually rises with the increase in distance to the axis plane. Moreover, the
temperature curve near the inner and outer edges (R = 100 mm and R = 140 mm) of the
designed frozen wall tends to be flat, and the temperature at the inner edge (R = 100 mm)
is always lower than that at the outer edge (R = 140 mm) during freezing for 60 min. It
indicates that the dissipation capacity of the cooling capacity inside the axis plane of the
frozen wall is less than that outside the axis plane.
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Figure 10. Temperature distribution on characteristic planes at Section 2-2: (a) main planes; (b) vice 

planes. 
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Figure 12. Duration curve of average temperature gradient of frozen wall at three sections. 
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Figure 11. Temperature distribution on characteristic planes at Section 3-3: (a) main planes;
(b) vice planes.

In addition, at the early stage of freezing, the temperature drop rate inside the axis
plane is bigger than that outside the axis plane. At Section 1-1, along the main plane, the
average temperature drop rate outside the axis plane is approximately 0.254 ◦C/min, while
it is approximately 0.259 ◦C/min inside the axis plane. Meanwhile, along the vice plane,
the average temperature drop rate outside the axis plane is approximately 0.252 ◦C/min,
while it is approximately 0.254 ◦C/min inside the axis plane. At the later stage of freezing,
the temperature drop rate inside and outside the axis plane is roughly the same.

The duration curves of the average temperature gradient of the frozen wall at three
sections are shown in Figure 12.
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Figure 12 shows that the average temperature gradient at the inside and outside of the
frozen wall first increases, then decreases and finally tends to be stable with the increase in
freezing time. At Section 1-1, after freezing for 4 min, the average temperature gradient
outside the axis plane is only 0.07 ◦C/mm, while it is 0.05 ◦C/mm inside the axis plane.
After freezing for 28 min, the average temperature gradient outside the axis plane is only
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0.446 ◦C/mm, while it is 0.395 ◦C/mm inside the axis plane. After freezing for 44 min,
the average temperature gradient outside the axis plane is only 0.325 ◦C/mm, while it is
0.311 ◦C/mm inside the axis plane. After freezing for 60 min, the average temperature
gradient outside the axis plane is only 0.288 ◦C/mm, while it is 0.280 ◦C/mm inside the
axis plane. It is obvious that the average temperature gradient on the outside of the frozen
wall is more than that on the inside of the frozen wall. Moreover, the order of the value of
the average temperature gradient at three sections is Section 3-3 > Section 2-2 > Section 1-1.

3.3. Temperature Field Evolution Parallel to Freezing Pipes

The temperature field parallels to the freezing pipe at the tunnel vertical center line
after positive freezing for 60 min is shown in Figure 13.
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Figure 13. The temperature field parallels to the freezing pipe at tunnel vertical center line.

Figure 13 shows the morphology of the frozen wall, which is thicker at the ends and
thinner in the middle; it is intuitive and obvious that the frozen wall is non-uniform. The
average thickness of the frozen wall at three sections after positive freezing for 44 and
60 min is shown in Figure 14.
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Figure 14 shows that the average thickness of the frozen wall at three sections is not all
equal after freezing for 44 min and 60 min. After freezing for 44 min, the average thickness of



Appl. Sci. 2022, 12, 8093 13 of 19

the frozen wall at Sections 1-1, 2-2 and 3-3 is 35.9 mm, 30.7 mm and 37.6 mm, respectively; af-
ter freezing for 60 min, the average thickness of the frozen wall at Sections 1-1, 2-2 and 3-3 is
50.6 mm, 40.7 mm and 75.1 mm, respectively. The order of the average thickness of the
frozen wall at three sections is Section 3-3 > Section 1-1 > Section 2-2, which presents the
non-uniformity of a frozen wall along the length direction of the freezing pipe.

The pipe wall temperature fitting curves along the length direction of the freezing
pipe are shown in Figure 15 after freezing for 4 min, 28 min, 44 min and 60 min.
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Figure 15. Pipe wall temperature fitting curves along the length direction of the freezing pipe.

Figure 15 shows that the pipe wall temperature first increases and then decreases
along the length direction of the freezing pipe, where it reaches the maximum at Section 2-2.
After freezing for 4 min, 28 min, 44 min and 60 min, the temperature fitting functions are
as follows: 

T = –0.00015625z2 + 0.06138z + 14.92187
T = –0.00005z2 + 0.0215z − 11.55
T = –0.0000425z2 + 0.01725z − 12.25625
T = –0.000045z2 + 0.0205z − 13.5125

t = 4min
t = 28min
t = 44min
t = 60min

(10)

The conclusion obtained from the model test is inconsistent with the common sense
that the alcohol temperature in the outer pipe gradually rises from the distal end to the
proximal end of the freezing pipe; the main reason lies in the structure of the freezing pipe.
As shown in Figure 16, the freezing pipe used in this model test is composed of an outer
pipe, an inner pipe and a three-pipe joint; it is also commonly used in practical engineering.
The low-temperature alcohol enters from the inner pipe, flows through the inner pipe to
the end of the freezing pipe, and then flows back to the three-pipe joint through the outer
pipe. When the alcohol flows in the outer pipe, it indirectly cools the soil by absorbing the
heat transferred by the soil to the pipe wall, so as to achieve the purpose of freezing soil.
Usually, the temperature of the pipe wall should gradually rise along the flow direction of
the alcohol in the outer pipe, and the temperature of the pipe wall on each section should
be shown as Section 3-3 < Section 2-2 < Section 1-1. However, the alcohol flowing in the
outer pipe not only has heat exchange with the outer pipe wall, but also has heat exchange
with the inner pipe wall, and there is also heat exchange between the inner pipe wall and
the alcohol flowing in the inner pipe. The complex heat exchange process eventually leads
to the non-uniform distribution of the temperature of the outer pipe wall of the freezing
pipe, and the specific thermodynamic theory needs further study.
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4. Numerical Simulation Design
4.1. Establishment of Model

The numerical simulation can more intuitively unfold the development process of
the frozen wall. Based on the pipe wall temperature fitting function calculated by the
model test, a three-dimensional finite element model is established to simulate the freezing
temperature field, as shown in Figure 17.
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Figure 17. Three-dimensional finite element model.

Figure 17 shows that the model size is 1000 mm × 800 mm × 500 mm. The element
type is DC3D8 with good heat-transfer capability, and the number of elements is 59120,
where the four freezing pipes are simplified as linear heat sources, and each freezing pipe
consists of 25 linear elements.

4.2. Boundary Conditions

The initial temperature of soil elements is set as 20 ◦C, while the temperature of line
elements of the freezing pipe is set as the temperature fitting function.
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4.3. Material Parameters

The soil elements are given the material parameters of mild clay, as shown in Table 2.

5. Numerical Simulation Results

The validation of the numerical simulation results with model test results at tem-
perature measuring point 11© at Section 3-3, which has a good representative, is shown
in Figure 18.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 19 
 

5. Numerical Simulation Results 

The validation of the numerical simulation results with model test results at temper-

ature measuring point ⑪ at Section 3-3, which has a good representative, is shown in 

Figure 18. 

0 10 20 30 40 50 60
-6

-4

-2

0

2

4

6

8

10

12

14

 Model test results

 Numerical simulation results

Positive freezing time/min

T
em

p
er

at
u

re
/℃

 

Figure 18. The validation of numerical simulation results with model test results. 

As shown in Figure 18, the numerical simulation results are basically consistent with 

the model test results; the two curves both show a change process of steep drop first, then 

slow drop and finally stabilized. The difference between them mainly occurs at the steep 

drop stage, where the model test results are always lower than the numerical simulation 

results, and the maximum reaches 2.5 °C. The difference in refrigerating capacity may be 

due to the unstable ambient temperature in the laboratory or the influence of some unpre-

dictable factors; that is, the model test results may have errors in reflecting the develop-

ment of freezing temperature field. In contrast, the numerical simulation results can reflect 

the development of the freezing temperature field more reasonably. 

The evolution law of the three-dimensional freezing temperature field is shown in 

Figure 19 after freezing for 4 min, 28 min, 44 min and 60 min. 

Figure 19 shows that the three-dimensional freezing temperature field has obvious 

non-uniformity after freezing for 4 min, 28 min, 44 min and 60 min. The frozen walls at 

both ends of the freezing pipe connect at first, and the frozen walls in the middle of the 

freezing pipe connect subsequently. After freezing for 4 min, four independent frozen soil 

columns are formed with the characteristic that both ends are coarser and the middle is 

thinner. After freezing for 28 min, the two frozen soil columns in the middle connect in 

turn at Section 3-3 and Section 1-1, then expand along with the negative and positive di-

rections of freezing depth, respectively, and eventually converge at Section 2-2. During 

this period, the frozen soil columns on both sides also gradually develop following this 

law. After freezing for 48 min, the frozen wall basically intersects, and the whole frozen 

wall still presents the law that is thin in the middle and thick at both ends. After freezing 

for 60min, the frozen wall completely intersects, and the thickness of the frozen wall meets 

the design requirements. 

  

Figure 18. The validation of numerical simulation results with model test results.

As shown in Figure 18, the numerical simulation results are basically consistent with
the model test results; the two curves both show a change process of steep drop first, then
slow drop and finally stabilized. The difference between them mainly occurs at the steep
drop stage, where the model test results are always lower than the numerical simulation
results, and the maximum reaches 2.5 ◦C. The difference in refrigerating capacity may
be due to the unstable ambient temperature in the laboratory or the influence of some
unpredictable factors; that is, the model test results may have errors in reflecting the
development of freezing temperature field. In contrast, the numerical simulation results
can reflect the development of the freezing temperature field more reasonably.

The evolution law of the three-dimensional freezing temperature field is shown in
Figure 19 after freezing for 4 min, 28 min, 44 min and 60 min.

Figure 19 shows that the three-dimensional freezing temperature field has obvious
non-uniformity after freezing for 4 min, 28 min, 44 min and 60 min. The frozen walls at
both ends of the freezing pipe connect at first, and the frozen walls in the middle of the
freezing pipe connect subsequently. After freezing for 4 min, four independent frozen
soil columns are formed with the characteristic that both ends are coarser and the middle
is thinner. After freezing for 28 min, the two frozen soil columns in the middle connect
in turn at Section 3-3 and Section 1-1, then expand along with the negative and positive
directions of freezing depth, respectively, and eventually converge at Section 2-2. During
this period, the frozen soil columns on both sides also gradually develop following this
law. After freezing for 48 min, the frozen wall basically intersects, and the whole frozen
wall still presents the law that is thin in the middle and thick at both ends. After freezing
for 60min, the frozen wall completely intersects, and the thickness of the frozen wall meets
the design requirements.
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Figure 19. Evolution of three-dimensional freezing temperature field: (a) 4 min; (b) 28 min; (c) 44 min;
(d) 60 min.

The comparison of the freezing temperature field calculated by numerical simulation
and model test is shown in Figure 20 after freezing for 60 min.
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Figure 20 shows that after freezing for 60 min, the thickness of the frozen wall at
three sections is different; that is, the thickness of Section 1-1, 2-2 and 3-3 at tunnel arch is
45.7 mm, 39.1 mm and 47.3 mm in the model test, while it is 46.3 mm, 40.9 mm and 49.4 mm
in the numerical simulation, respectively. The difference between them is 0.6 mm, 1.8 mm
and 2.1 mm, and no matter the sections perpendicular or parallel to the length direction of
the freezing pipes, the shapes of the frozen wall at each section are all basically consistent in
the numerical simulation and the model test, which indicates that the numerical simulation
method has high prediction accuracy after introducing the temperature fitting function of
the freezing pipe wall.

6. Conclusions

In this paper, the evolution law of a three-dimensional non-uniform temperature field
is analyzed by combining the physical model test and numerical simulation during the
tunnel construction using a local horizontal freezing technique. The main conclusions
are as follows:

The temperature drop curves of the measurement points suffer from three periods:
steep drop, slow drop and tending to be stable, and the temperature of the measurement
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point between the adjacent two freezing pipes decreases faster, while that located outside
the freezing pipes decreases slower.

The temperature curves on the main and vice planes of the frozen wall present a
“V” type, specifically, and the temperature on the axis plane is the lowest, while it gradually
rises with the increase in distance to the axis plane. The average temperature gradient at
the inside and outside of the frozen wall first increases, then decreases and finally tends to
be stable with the increase in freezing time.

After freezing for 60 min, the frozen wall presents an obvious non-uniformity along
the length direction of the freezing pipe, and the thickness at Section 1-1, 2-2 and 3-3 at the
tunnel arch is 45.7 mm, 39.1 mm and 47.3 mm, respectively, and the difference with the
numerical simulation results is 0.6 mm, 1.8 mm and 2.1 mm, respectively, which indicates
that the new numerical simulation method introducing the temperature fitting function of
the freezing pipe wall has high accuracy in predicting the evolution law of the non-uniform
temperature field.

The results of this study are helpful to understand the temperature field development
of the soil around sleeve-type freezing pipes and can provide a certain reference for the
design and construction of such freezing projects and other aspects of research. Next,
research on the evolution law of non-uniform temperature fields in the whole process of
freezing and thawing under complex formation conditions will be carried out, as well as its
frost heave and thaw settlement effects.
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