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Abstract: Using the temperature and seepage field-coupling module within COMSOL Multiphysics
software, we examined freezing behavior and its evolving patterns in curved underground freezing
pipes. This study employed transient states, with the Darcy’s law and porous-media heat-transfer
options activated in the Physical Field Interface of the Physical Field and Variable Selection column.
The models were created to establish numerical models of freezing reinforcement for both single
and multiple pipes with various curvatures. These models were designed to simulate the evolving
temperature and seepage fields of soil under diverse freezing conditions. Subsequently, this research
utilized the models to simulate the freezing and consolidation conditions of a shallowly buried tunnel
within the context of shallow tunnel conditions. The study reveals that after freezing a single pipe
using water flow, the change in thickness of the frozen wall in curved pipes is notably smaller than
that in straight pipes. This difference is particularly pronounced in the upstream section. Specifically,
at a distance of−2000 mm from the main surface, the change in thickness of the frozen wall in straight
pipes exceeds that in s = 7 curved pipes by approximately 350 mm. The smaller the long arc ratio
s, the greater the arc of the freezing tube and the better the water-blocking effect. In the multi-pipe
freezing model, the s = 7 curved pipes exhibit a frozen-wall thickness approximately 120 mm greater
than that of straight pipes at a distance of −2000 mm from the main surface. Under the condition of a
shallow buried concealed excavation with surging water, a pipe with a long arc ratio s = 7 arc freezing
at 46 d attains a permafrost curtain thickness that is equivalent to that achieved by the straight pipe
freezing at 58 d. This reduction in thickness shortens the working period by 12 days, resulting in a
more efficient process. The successful application of the freezing method in the water-rich aquifer is
expected to be a valuable reference for similar projects in the future.

Keywords: arc freeze tube; seepage field; shallow buried cathodic excavation; long arc ratio;
temperature field; freezing method

1. Introduction

Artificial ground freezing is a method of freezing groundwater and soil into a layer
of ice in order to control the flow of groundwater and soil or provide solid support to
underground works. The method mainly involves injecting a refrigerant into underground
boreholes to cool the surrounding soil and water so that it freezes and forms a barrier with
a certain degree of strength, which can effectively prevent the flow of underground soil and
water into the working platform. Due to rapid economic growth and the extensive construc-
tion of underground projects, artificial ground-freezing technology has gained widespread
use in tunnel construction. Its adoption is primarily driven by its environmentally friendly
nature, controllability, safety features, and other advantageous characteristics [1–6].

Straight freezing tubes are usually preferred as they have the advantages of simple
processing, ease of transportation and construction, etc. [7–10]. However, the freezing wall
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shape formed by this traditional straight pipe is more regular and uniform and fails to
provide targeted reinforcement to weak areas with soil and water flow.

Previous research has primarily focused on altering the layout, spacing, and cross-
sectional area of straight freezing tubes to enhance freezing effectiveness [11,12]. These
changes aimed to increase the overall impact. Although arc-freezing single pipes have a
more complex structure, demanding different processing techniques and higher material
consumption than straight pipes, they result in more balanced structural stress in the frozen
soil curtain. This enhances safety. In the case of reinforcing weak areas, arc single pipes
offer improved safety and economy compared to merely increasing the quantity using
straight pipes. Additionally, they prove to be safer and more cost-effective.

Researchers across the world have focused more on the shape of frozen monotubes in
terms of cross-sectional dimensions and have drawn many useful conclusions. For example,
Rocha et al. [13] found that the cross arrangement of elliptical freezing tubes has a more
significant heat-transfer effect. Bai et al. [14] modeled elliptical single and double freezing
tubes with different length-to-short-axis ratios and found that the larger the length-to-short-
axis ratio, the larger the freezing area, and elliptical freezing tubes are more efficient than
circular freezing tubes in freezing. Meanwhile, the analogous problem of curvature in the
lengthwise direction of freezing tubes has been less studied. Wu et al. [15] studied ring-
shaped freezing tubes during a tunnel road expansion project. Their aim was to ensure
the construction process’s reliability while optimizing the original structure to improve the
effectiveness of freezing water. However, they did not conduct a comprehensive investigation
into the freezing behavior of curved single pipes and multi-pipes within soil, nor did they
explore their advantages over straight pipes. Chen et al. [16] proposed the use of a ring-shaped
freezing tube to freeze and reinforce the shield-tail brush replacement effectively. However,
they did not thoroughly explore the freezing characteristics of curved single tubes or multiple
tubes in the soil or their advantages over straight tubes. Investigating the water–heat coupling
evolution between curved single tubes and multi-tubes during freezing is crucial for enhancing
freezing-engineering methods.

Based on the principles of heat transfer and Darcy’s law in porous media, this study
establishes a numerical model for arc-frozen single-pipe and multi-tube permafrost and
analyzes temperature and seepage fields under different arc single-pipe and multi-tube
freezing reinforcements. This paper will compare these results with the more effective
curved arc pipes used in shallow buried tunnels with water influx. This analysis aims
to assess their water-stopping capabilities and understand temperature field isotherms,
freezing-wall thickness, and other distributions. The findings can serve as valuable technical
references for enhancing freezing efficiency and similar water-influx projects.

2. Arc-Freezing Tube Design

In the actual project, 108, 127 mm, etc. diameter straight freezing tube is commonly
used in the construction of artificial freezing method. [17,18]. To ensure that the designed
and completed curved freezing tubes match the length of straight tubes in the freezing
area, they should have the same “effective length”. The effective length is the distance
between the centers of the cross-sections at both ends of the frozen tube. A schematic of
a straight tube and an arc-shaped tube is shown in Figure 1, where the geometry of the
arc-shaped tube is determined by the effective length L and the arc height H. To describe
the dimensions of the curved tubes, the ratio of the effective length to arc height, L/H, is
defined and denoted by s. Combining the degree of processing difficulty and economy, the
value of s is determined to be between 7 and 20 when s is equal to 7, 10, 16, and 20. In this
study, the case where L = 7000 mm and the tilt angle is 30◦ is taken as an example, and the
relevant dimensional parameters of the curved pipe are shown in Table 1.
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Figure 1. Geometrical parameters of straight and curved freezing tubes.

Table 1. Parameters related to the geometry of curved freezing tubes.

Ratio of Effective Length L to Arc
Height H s Effective Length L (mm) Arc Height H (mm)

7 7000 1000
10 7000 700
16 7000 437.5
20 7000 350
- 7000 0

From Figure 1 and Table 1, it can be seen that the length of the straight tube is equal
to its effective length, and the arc height is zero. When the effective length of the freezing
tube L increases, the arc height H ratio decreases, and the freezing tube “arch” is higher.
However, when the effective length of L remains unchanged, the arc height H increases to
one-half of the effective length, giving the freezing tube a semi-circular ring shape. This
research focuses on s = 7, 10, 16, and 20 to analyze the freezing effect of different ratios on
the formation.

3. Modeling Arc Freeze Tubes
3.1. Theoretical Model of Freezing

The theory of porous media is an important tool to study the freezing process of
strata [19]. Many researchers have explored the freezing process of artificial strata by
considering soil as a porous medium [20,21]. By applying the principle of convective
heat transfer within a porous medium, this research can establish an energy-conservation
equation for heat flow in the presence of phase change, connecting the seepage field to the
temperature field given by

Ce f f
∂T
∂τ

+∇
(

λe f f∇T
)
+ C f

→
u∇T = QH + QG (1)

where Ce f f is the equivalent volumetric heat capacity; λe f f is the equivalent thermal

conductivity; C f is the equivalent fluid heat capacity;
→
u is the fluid seepage-velocity

vector; QH is the specific heat energy during the ice-water phase transition; QG is the heat
source-sink term; and the seepage velocity is determined by Darcy’s law for porous media.

Taking into account the effect of groundwater seepage, the temperature of the water
flow is the same as that of the soil layer. However, due to the circulation of low-temperature
brine through the chilled tubes, there are internal and external differences between the
temperatures of the chilled tubes and the ground. Heat transfer occurs as the water flows
around the cryotubes. Ce f f

∂T
∂τ represents the heat generated through thermal conduction,

where the soil remains stationary without undergoing relative displacement. However,
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because of variations in temperature within the same area, temperature differences arise
and subsequently facilitate the transfer of heat. In the temperature field, the flow of
groundwater due to differences in temperature leads to the flow of thermal convection
between the body and the solid; i.e., the thermal-convection term is embodied in the heat
flow energy-conservation equation:

Q1 = C f u∇T (2)

C f = εθwρwCw (3)

where C f is the equivalent fluid heat capacity and
→
u is the fluid’s seepage-velocity vector.

The convective term (the coupling term) as a heat source is added to the heat-transfer
control equation to reflect the coupling of the seepage field to the temperature field.

With the coupling of the temperature field to the seepage field, the groundwater flow
through the freezing temperature field implies that the fluid flows in only one direction and
the groundwater’s flow state is laminar. Consider that the Reynolds number Re between
1 and 10 satisfies Darcy’s law. The localized freezing of fluid within the seepage field
results in the displacement of the seepage field boundary, causing fluctuations in the fluid’s
permeability coefficient due to temperature variations. Therefore, the differential control
equation of the seepage field under the influence of temperature is given by [22–24]

ρl [αlφ + αs(1− φ)]
∂P
∂t

+∇
(

ρl
→
u
)
= Qm (4)

Combining Darcy’s law expressions:

→
u = − K

ρwg
∇P (5)

where φ is the soil porosity; αl , αs are coefficients of the expansion of water and soils, respec-
tively;

→
u is the fluid seepage-velocity vector; K is the seepage coefficient; P is the penetration

pressure; Qm is the seepage field source-sink term; and ρw is the density of water.
The transient differential control equation of the seepage field has the fluid pressure P

as the dependent variable, and the seepage velocity can be controlled by Equation (5) to
simulate various seepage velocities. k is the permeability coefficient, the value of which is
mainly related to the porosity of the soil body, and it also varies with the change in stratum
temperature T:

K(T) =
(

Ku − K f

)
× H(T) + K f × H(T) (6)

The inclusion of non-constant variation in the permeability coefficient with freezing
temperature introduces an additional factor into the seepage field control equation, thereby
accounting for the coupling between the temperature field and the seepage field. Here, Ku
is the coefficient of permeability of the soil at room temperature, and K f is the coefficient of
permeability of the soil after freezing.

3.2. Basic Assumptions

During soil freezing and consolidation, the underground environment is affected by
multiple factors, and the mechanism of mutual influence among them is complicated. In
this paper, the established calculation model is a heat–fluid coupling model. It simplifies
the complex multi-field coupling problem by excluding the impact of the stress field on the
temperature field in real engineering. This approach focuses on creating a basic calculation
framework for the freezing process and makes the following fundamental assumptions for
our calculations [25–28]:

(1) The temperature load is directly applied to the wall of the freezing pipe, and the cold
generated in the freezing pipe is directly transferred to the surrounding soil by the



Appl. Sci. 2023, 13, 10932 5 of 17

wall of the freezing pipe. The interaction between the freezing tube and the soil is not
considered, and the cooling plan is shown in Table 2.

(2) Assuming that the soil layer is distributed horizontally from top to bottom and has a
uniform temperature field, the initial temperature is set to 27.5 ◦C; the envelope area
of the soil at the −10 ◦C isotherm is the minimum freezing zone, and the envelope
area of the −1 ◦C isotherm is the maximum freezing zone.

(3) The soil is a saturated, homogeneous, isotropic, porous medium with a constant total
porosity; the soil layer conforms to the seepage properties. It is assumed that the
material properties of the soil layer change uniformly with the temperature, and the
process of the change in properties is only considered to be the effect of temperature;
intrinsic modeling is not addressed in the text.

(4) The fluid within the porous medium of the model exhibits laminar flow, making it
suitable for characterization using Darcy’s law. Post-freezing, the seepage velocity
approaches zero. The model introduced in this paper designates the left and right
boundaries as seepage inlets and outlets, with unidirectional horizontal fluid flow.
Upstream water is adequately replenished, and downstream water flows smoothly,
ensuring a stable seepage field with constant upstream and downstream water head
levels. However, the model does not account for freeze-up, thawing, or sinking processes.

Table 2. Brine cooling plan.

Time (Day) 0 1 5 10 20 30 40 58

Temperature (◦C) 27.5 0 −25 −30 −30 −30 −30 −30

3.3. Numerical Modeling

Utilizing the freezing theory and the underlying assumptions outlined above, this
study employs Darcy’s law and the porous-media heat-transfer interface within the finite
element software COMSOL Multiphysics. This approach is employed to formulate the
governing equations for temperature and seepage fields, allowing for the simulation
of the freezing process in both straight and curved pipes with varying s-values. The
study aims to investigate and compare the impact of freezing under water-heat coupling
conditions [29,30]. The model has a transverse dimension of X = 20 m and a longitudinal
dimension of Z = 15 m. A 7 m curved pipe with s-values of 7, 10, 16, and 20 and a 7 m long
straight pipe inclined at 30◦ were modeled. Frozen sections were removed using the Borel
operation, followed by applying temperature loads to the exposed surfaces. The results
are presented in Figure 2. Seepage occurs from the high-head boundary to the low-head
boundary, and the upper and lower boundaries are assumed to be impermeable. To better
observe the changes in the temperature and seepage fields after the freezing of different
tubes, the difference in head between the left and right boundaries is taken as 30 m.

Since the field variables vary with time, the model is studied using transients, which
are solved automatically and transiently using Darcy’s law and porous-media heat-transfer
options under the Physical Field Interface in the Physical Field and Variable Selection
column and setting a time step of 24 h and a total step of 58 d. Building upon the findings of
previous scholars [31], our study aims to replicate the most challenging scenario. To achieve
this, this study has chosen soil material with properties closely resembling those of the most
adverse sand layer. Detailed soil and fluid parameters are provided in Table 3 for reference.
According to the previous related research, the use of the method of heat-flow-coupling
simulation analysis has a certain degree of feasibility. In the investigation of temperature
field evolution during various freezing-reinforcement programs in the context of shield
-tail brush replacement under seepage effects, researchers such as Chen [32] have found
that simulation outcomes closely mirror the observed data trends. This alignment suggests
a more accurate representation of real-world engineering conditions.
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Figure 2. Schematic diagram of the numerical model.

Table 3. Physical parameters.

Name of the Parameter Value

Density of water (kg/m3) 1000
Density of ice (kg/m3) 920

Density of soil (kg/m3)
Unfrozen soil 1880

Frozen soil 1800
Thermal conductivity of water (W/(m·K)) 0.60

Thermal conductivity of ice (W/(m·K)) 2.14

Thermal conductivity of soil (W/(m·K))
Unfrozen soil 1.79

Frozen soil 1.18
Specific heat of water (J/(kg·K)) 4200

Specific heat of ice (J/(kg·K)) 2100

Specific heat of the soil (J/(kg·K))
Unfrozen soil 1610

Frozen soil 1530
Soil permeability

(
m2) 1.01 × 10−12

4. Discussion—Single-Pipe Model
4.1. Analysis of Temperature Field Cloud Map

Figure 3 shows field cloud diagrams for temperature and seepage for straight and
curved pipes with different s-values after 58 days of freezing, under both hydrostatic
and moving-water conditions. The temperature line around the freezing tube under the
hydrostatic condition is uniformly distributed and gradually spreads to the soil body along
the wall of the freezing tube, and the overall contour of the temperature cloud map of the
straight tube is symmetrical about the axial surface and the main surface of the freezing
tube. Under dynamic conditions, the transformation of the freezing tube’s cloud patterns
remains consistent. Whether observed along the axial plane or the principal plane, the
symmetry in the temperature profile of the soil surrounding the freezing tube diminishes.
Instead, a downstream extension of the cold source creates a “cold channel” in the soil
layer downstream, resulting in lower temperatures compared to the upstream section. This
aligns with previous research, confirming that the cold source primarily impacts a smaller
area upstream and has a more significant influence on the downstream region [33]. Hence,
the above results are largely reliable as the upstream freezing pipe continuously exchanges
heat with the soil as the freezing proceeds. This phenomenon subsequently influences the



Appl. Sci. 2023, 13, 10932 7 of 17

temperature field through seepage, transporting the upstream cold to the downstream of
the freezing region, resulting in an ultimate asymmetrical cold aggregation downstream.
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Figure 3. Temperature field clouds for 58 d of freezing under hydrostatic (left) and dynamic (right)
conditions for each pipe type.

4.2. Analysis of Freezing Wall

When assessing the freezing effect, one crucial criterion for evaluation is the thickness
of the freezing curtain (or freezing wall) in the freezing project. This measurement plays a
pivotal role in determining the overall effectiveness of the freezing process. Taking the main
surface as the dividing line, the pipe is divided into three parts—the upstream section, the
middle section, and the downstream section—and the thickness of the curtain is measured
both when the water is stagnant and when it is flowing. Figure 4 illustrates the variation
in the difference in curtain thickness away from the main surface after 58 days of freezing
under both static water and dynamic water conditions in various pipes. The permafrost
curtains formed by different tubes under hydrostatic conditions exhibit approximately
equal thickness. This similarity arises from the fact that despite variations in tube shapes,
they all share the same cross-sectional area and provide an equivalent cooling effect within
the unit cross-section. Figure 4 shows that, except for the curved pipe for which s = 7, the
difference in thickness is smaller with the increase in distance; i.e., the isothermal change
before and after seepage is small. This also confirms that seepage has a larger impact
upstream and a smaller impact downstream as per the above cloud diagram analysis; i.e.,
the cold volume in the upstream section is brought to the downstream section due to the
seepage effect.
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Figure 4. Schematic representations that indicate surface positions of frozen wall observation in
both hydrostatic and dynamic conditions for each pipe type, with histograms depicting variations in
thickness with changing positions.

The difference between the cross-section at positions −500 mm and 500 mm from the
main surface and at 1250 mm and 2000 mm is not much different, and the interpolated value
at the middle section is slightly higher, which indicates that there is not much difference in
the effect of seepage either. However, there is a small difference in the value of the change
in the thickness of the freezing wall of the different tubes. When analyzing the upstream
sections at positions −2000 mm and −1250 mm from the main surface, it is observed that
the difference in the thickness of the freezing curtain diminishes as the long arc ratio s
decreases (resulting in an increase in ‘H’). This suggests that as the arc of the freezing pipe
becomes higher, and there is less variation in the thickness of the freezing wall, indicating a
greater “blocking” capacity of the fluid. The difference is smallest for s = 7, and the decrease
in the difference is large compared to the other tubes, which indicates that a tube with
this shape freezes better than the other tubes and produces a curtain to resist deformation.
This is because the freezing pipe in the upstream section has a larger inclination with the
direction of water flow, which leads to a larger angle between the freezing wall and the
water flow, and consequently a better water-insulation effect. As the value of s decreases
and the curvature increases, the freezing wall upstream of the freezing pipe gradually
becomes perpendicular to the water flow, and the coverage of this “vertical wall” is wider;
hence, the larger the curvature of the curved pipe structure is, the more that the freezing
effect of the water barrier becomes the most significant in the upstream region, followed by
the middle section, and with the smallest value in the downstream section. In summary,
the curved freezing tube exhibits an improved freezing-wall structure when subjected to
force in the context of water flow, as compared to the scenario where the freezing-wall
thickness remains relatively unchanged with no seepage. This suggests that the curved
freezing tube offers a certain “offset” effect compared to the freezing wall created by a
straight tube. Furthermore, the “counteracting” effect becomes more pronounced with
smaller s-values, emphasizing the heightened “offset” effect in such cases.

4.3. Analysis of the Seepage Field

Similarly, the change in groundwater seepage velocity also reflects the freezing effect
of the frozen pipes. The seepage field maps of different pipes after freezing were studied,
taking the straight pipe and the curved pipe with s = 7 as an example. Figure 5 shows
the final seepage-velocity maps of the straight pipe and the curved pipe with s = 7 after
freezing for 58 d, and a series of seepage-velocity contours are plotted to analyze the
seepage velocity. As shown in the seepage-velocity cloud diagram, the seepage velocity
on the left side of the soil body decreases from the model boundary to the freezing area,
and the seepage velocity on the right side gradually increases from the freezing area to the
downstream boundary. The flow is nearly absent in the freezing area, and seepage velocity
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is almost 0; i.e., the freezing wall blocks the hydraulic connection between the inside and
outside of the wall. This is due to the decreasing temperature of the freezing tubes, which
causes the hydric soil in the surrounding area to completely transform into ice and causes
the groundwater to flow downstream from the upper and lower sides around the freezing
walls. Considering the seepage-velocity contour, the upper and lower ends have higher
seepage velocities that are several orders of magnitude higher than those of the left and
right ends. This can be attributed to the large heat flux and low heat-exchange capacity at
the upper and lower ends. In addition, during freezing, more and more moisture due to
the generation of the freezing wall is blocked from being gathered at the upper and lower
ends, which accelerates the seepage velocity at the upper and lower ends.
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Various tube-freezing methods exhibit similar trends in their impact on the seepage
field, albeit with some distinctions in their outcomes. When plotting seepage-velocity
contours, it becomes evident that identical isovelocity lines assume varying positions
on the cloud diagrams of different frozen tubes. In this study, the primary focus is on
examining the obstructive influence of the frozen wall on the water flow. As a result, our
analysis concentrates on the coverage of isovelocity lines at the left and right extremities. A
seepage velocity of 9.43 × 10−6 m/s was selected for the study, i.e., the part circled in red
in Figure 5, where the water velocity is lower than 9.43 × 10−6 m/s within the range and
higher outside it. The reference position is taken to be the geometric center of the straight
pipe, and the furthest distance of this flow velocity value is measured both upstream and
downstream from the geometric center. This measurement is conducted to facilitate a more
effective comparison of the freezing and waterproofing effects, as illustrated in Figure 6.

As shown in Figure 6, the change in the s-value has a negligible effect on the farthest
downstream distance; the smaller the s, the larger the arc, and the farthest upstream
distance gradually increases; i.e., the same isovelocity line is farther away from the freezing
area, and the seepage velocity within the isovelocity line is smaller, which indicates that
the freezing wall produces a better interception of the flow of groundwater. At the position
with the same seepage velocity, the smaller the value of s, the closer the isovelocity line of
the curved pipe is to the upstream head boundary, reflecting better water insulation. The
reason may be that due to the influence of seepage, the efficiency of heat exchange both
upstream and downstream is increased, resulting in a rapid drop in stratum temperature
and an accelerated phase-change rate. This accelerated process shortens the time available
for the flowing water to accumulate within the freezing region, causing it to transform into
ice-crystal water before it can accumulate there. Therefore, due to the larger curvature of
the freezing pipe, the area of freezing influence is large, the phase-change area is large, the
reaction is more obvious, and the amount of unfrozen water icing in the solid soil layer
becomes more, and closer to the freezing wall, the seepage rate is smaller. Therefore, the
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larger the curvature of the freezing pipe, the better the effect of freezing and waterproofing.
This conclusion can provide new ideas for similar engineering for local seepage problems.
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5. Modeling and Analysis of Multiple Pipes
5.1. Numerical Modeling of Multiple Pipes

In Section 4, the development of the temperature and seepage fields under single-
pipe freezing was investigated in the two-dimensional XOZ plane for the freezing pipe;
the results show that the curved pipe has a more advantageous effect in separating and
stopping water when facing the horizontal seepage in the stratum. The longer the arc ratio
of s, the more obvious the advantage. Similarly, in order to highlight the advantage of the
arc pipe in the third dimension (the Y direction), an additional 10 m thickness is introduced
to the stratum, extending the previously two-dimensional setup. Three freezing pipes,
spaced at 500 mm intervals along the Y direction, are then positioned while keeping all other
conditions unchanged. To ensure a more effective comparative analysis of freezing effects,
the disparity in the head is reduced to 5 m, establishing a three-dimensional multi-pipe
numerical model. Figure 7 shows the numerical model for multi-pipe freezing.
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5.2. Discussion

In Section 4, the different two-dimensional types of single-pipe model-calculation
results were compared. Then, the multi-pipe model was mainly used in the thickness
direction of the temperature field and seepage field to carry out the study. Two solid frozen
single-pipe intermediate weak zones were selected for analysis, where the straight pipe
and the length of the arc ratio of the s = 7 arc pipe model were selected with a Y = 0.25 m
cross-section.

As can be seen from Figure 8, after 58 days of freezing, the weakest points in the two
multi-pipe models had completely frozen in a cross-circle pattern. The overall formation
indicates an average temperature consistently lower than −10 ◦C within the stable freezing
area. As shown by the temperature field in the cloud diagram, particularly within the
red line boundary defined by the freezing wall, the main freezing area of the straight
pipe’s weakest cross-section exhibits an average thickness of approximately 1.12 m. As one
moves away from the main surface, at a distance of −2000 mm from it, the thickness of
the freezing wall measures around 1.19 m. The average thickness of the freezing wall in
the main freezing area of the s = 7 curved pipe is about 1.19 m, and the thickness of the
freezing wall at the distance of −2000 mm from the main surface is up to 1.31 m. In the
arc-shaped pipe, the average thickness of the freezing wall is 70 mm, and at a position
−2000 mm away from the main surface, the difference in the freezing wall’s thickness is
120 mm, as it is for the single pipe in Section 3.2. This verifies that the arc-shaped pipe is
able to maintain a relatively thick freezing wall in the positive freezing period under the
action of seepage flow. Secondly, the inter-circle time of the freezing wall can also reflect
the freezing effect of different tubes. The intersection of the −10 ◦C isotherm and −1 ◦C
isotherm is different: the minimum freezing zone of the curved pipe starts to appear on the
4th d, and the maximum freezing zone starts to appear on the 5th d, while the minimum
straight freezing zone starts to appear on the 5th d, and the maximum freezing zone starts
to appear on the 6th d. To summarize, the arc-shaped pipe freezing is nearly 1 d earlier
than the intersection time of the straight pipe freezing.
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In addition, in order to further study the freezing effect of different tubes, Figure 9
shows the isovelocity line variation cloud map of the X = 2.7 m cross-section, and Table 4
makes a comparison of different ranges of isovelocity line envelopes.

In Section 4.3, two-dimensional calculations yielded smaller seepage velocities at the
same location on the water surface of the curved pipe model, which provides a better
blockage of the water flow. The same velocities are also chosen here for comparison.
Observation of the cloud diagram reveals that the magnitude of the velocity change is
large in the middle part, which is because it is in the upstream region, i.e., in the lower
end of the freezing tube, and it gradually decreases higher up as the seepage velocity
increases progressively away from the freezing tube. When the seepage velocity is the
same, the isovelocity line envelope range is larger for the s = 7 curved pipe, while the
straight pipe’s envelope range is slightly smaller and the inner velocity of the envelope is
smaller than the outer velocity. This suggests that as the coverage increases, the velocity
within the region becomes broader and slower, leading to a more significant waterproofing
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effect on the waterfront side. Conversely, when the coverage is smaller, this effect is
less pronounced. This observation further confirms the conclusion that the curved pipe
demonstrates superior water-blocking capabilities.
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Table 4. Comparison table of different isochronous envelope ranges.

Tube Type Speed/(m/s) Range (m2)

Straight pipe
2.21 × 10−6 1.91 × 1.23
1.94 × 10−6 1.14 × 0.92
1.74 × 10−6 0.57 × 0.58

Long arc ratio s = 7 2.21 × 10−6 3.59 × 1.36
1.94 × 10−6

1.74 × 10−6
2.76 × 1.13
2.37 × 0.94

6. Effect of Working Conditions
6.1. Modeling of Working Conditions

The tunnel vault has a relatively shallow overburden thickness of approximately 9 m,
categorized as a shallowly buried tunnel. It has a maximum diameter of 6.5 m and is
excavated in two steps: upper and lower. During the excavation of the lower step, there
was an issue with water and sand gushing, and it was impossible to continue the excavation
construction. To address this, temporary concrete blocking walls were constructed on both
sides of the lower step’s outflow section to impede water flow. The artificial freezing
method was then employed to fortify the water containment. The layout of the freezing-
and temperature-measuring holes is illustrated in Figure 10.
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Figure 11 depicts the schematic of the model’s geometry. Building upon the engi-
neering profile, Section 3’s basic assumptions, and relevant conditions, a freezing model



Appl. Sci. 2023, 13, 10932 13 of 17

for both a straight pipe and an arc pipe with a ratio of 7 was established. The material
properties of the stratum in this model remain consistent with those outlined in Section 3.
However, there is a variation in stratum permeability, with only the high-permeability
stratum retaining its original characteristics, while the permeability for the remaining strata
is set to 10−9 m2.
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The upstream and downstream permeable boundaries exhibit a head difference of
1.2 m, while all other boundaries are considered impermeable. The remaining parameters
and settings for both the single-pipe and multi-pipe freezing configurations remain un-
changed. Following the grid division and calculations, the study subsequently replaced the
straight pipe with a curved pipe in the waterfront for comparative analysis.

6.2. Analysis of Results

The relevant results are shown in Figure 12. The primary focus of the analysis here is
on the waterfront side, with the key distinction being the difference in freezing pipe types,
while all other parameters and conditions remain the same. A layer of frozen soil curtain
was wrapped around the tunnel after freezing reinforcement, with frozen soil within the
brown area (−1 ◦C contour) and stable frozen soil curtain within the blue area (−10 ◦C
contour). Since the curtain range exceeds the boundary of the highly permeable water soil
layer, the final result shows that there is almost no water infiltration into the tunnel, and a
waterproofing effect is achieved.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 18 
 

unchanged. Following the grid division and calculations, the study subsequently replaced 
the straight pipe with a curved pipe in the waterfront for comparative analysis. 

6.2. Analysis of Results 
The relevant results are shown in Figure 12. The primary focus of the analysis here is 

on the waterfront side, with the key distinction being the difference in freezing pipe types, 
while all other parameters and conditions remain the same. A layer of frozen soil curtain 
was wrapped around the tunnel after freezing reinforcement, with frozen soil within the 
brown area (−1 °C contour) and stable frozen soil curtain within the blue area (−10 °C 
contour). Since the curtain range exceeds the boundary of the highly permeable water soil 
layer, the final result shows that there is almost no water infiltration into the tunnel, and 
a waterproofing effect is achieved. 

After comparative analysis, it was observed that in the case of the straight pipe freez-
ing, the −1 °C isotherm of the freezing curtain began to close the intersection circle on the 
7th day and continued to expand outward, completing its basic closure on the 10th day. 
Conversely, the −10 °C isotherm in this configuration started intersecting with the circle 
on the 10th day and thickened over time. For the arc-shaped pipe freezing, the −1 °C iso-
therm initiated its closure of the intersection circle as early as the 6th day and continued 
to expand outward, reaching its basic closure on the 10th day. The −10 °C isotherm, in this 
case, began closing the intersection circle on the 11th day and also exhibited a gradual 
thickening trend. This indicates that when using freezing methods for curved and straight 
tubes, the contour of the curtain exhibits a consistent pattern. This consistency can be at-
tributed to the alteration of the freezing tube’s curvature while maintaining constant freez-
ing tube spacing and cross-section dimensions. Under these conditions, the cold generated 
by different freezing tubes diffuses at an equal rate in the direction of the tunnel excava-
tion, aligning with the hydrostatic conditions outlined in Section 4.2. Consequently, vari-
ous tube curvatures result in the same thickness for the freezing wall, and the time for 
achieving −1 °C and −10 °C closures follows a similar pattern.  

                               (a) Straight pipe                            (b) Long arc ratio s = 7 
Figure 12. Equivalent surface diagram for different tubes frozen at 58 d. 

For the curtain on the water-facing side, the excavated face of the section with the 
most unfavorable reinforcement zone and the largest freezing distance is taken as the ob-
ject of study, the thickness of the curtain is analyzed, and the change in the thickness of 
the stabilized freezing curtain of the section with the freezing process is plotted, along 
with the changes at the temperature-measurement apertures C2 and C3 on the water-fac-
ing side. The thickness of the stable freezing curtain of the section with the freezing pro-
cess is analyzed (Figure 13). 

Figure 12. Equivalent surface diagram for different tubes frozen at 58 d.

After comparative analysis, it was observed that in the case of the straight pipe
freezing, the −1 ◦C isotherm of the freezing curtain began to close the intersection circle on
the 7th day and continued to expand outward, completing its basic closure on the 10th day.
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Conversely, the −10 ◦C isotherm in this configuration started intersecting with the circle
on the 10th day and thickened over time. For the arc-shaped pipe freezing, the −1 ◦C
isotherm initiated its closure of the intersection circle as early as the 6th day and continued
to expand outward, reaching its basic closure on the 10th day. The −10 ◦C isotherm, in
this case, began closing the intersection circle on the 11th day and also exhibited a gradual
thickening trend. This indicates that when using freezing methods for curved and straight
tubes, the contour of the curtain exhibits a consistent pattern. This consistency can be
attributed to the alteration of the freezing tube’s curvature while maintaining constant
freezing tube spacing and cross-section dimensions. Under these conditions, the cold
generated by different freezing tubes diffuses at an equal rate in the direction of the tunnel
excavation, aligning with the hydrostatic conditions outlined in Section 4.2. Consequently,
various tube curvatures result in the same thickness for the freezing wall, and the time for
achieving −1 ◦C and −10 ◦C closures follows a similar pattern.

For the curtain on the water-facing side, the excavated face of the section with the
most unfavorable reinforcement zone and the largest freezing distance is taken as the object
of study, the thickness of the curtain is analyzed, and the change in the thickness of the
stabilized freezing curtain of the section with the freezing process is plotted, along with
the changes at the temperature-measurement apertures C2 and C3 on the water-facing
side. The thickness of the stable freezing curtain of the section with the freezing process is
analyzed (Figure 13).
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As can be seen from the temperature plot, the temperature changes in three distinct
steps—the sudden change freezing section, continuous freezing section, and stable freezing
section. The freezing process occurs in distinct stages. Initially, at the onset of freezing until
the phase-change stage, the stratum temperature undergoes a rapid decline, with intense
heat exchange, leading to a steep curve drop, known as the sudden change in the freezing
section. As freezing progresses, temperatures continue to decrease, marking the transition
into the continuous freezing section. During this phase, the temperature difference between
the freezing tube and the stratum diminishes, resulting in a reduction in the rate of heat
exchange and a slower decline in temperature compared to the continuous freezing section,
signifying the stabilization of the freezing section.

When analyzing temperature measurements from specific holes, it becomes evident that
the temperature drop is more pronounced and results in a lower final freezing temperature
in the No. 2 hole for both freezing tubes. However, the temperature in the No. 2 hole of
the curved tube is slightly higher than that of the straight tube, which is attributed to the
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curvature of the tube, which positions the temperature-measurement hole farther from the
solid, resulting in a slightly lower temperature. A similar trend is observed in the No. 3 hole
position of the curved tube, where the freezing temperature exhibits a slower rate of decline.

The plot of the frozen soil-curtain thickness shows that the slope of the growth curve
of the pre-freezing curtain thickness and the curtain thickness growth rate are large, as
borne out by measured temperatures, which verifies the reasonableness of the data.

After freezing is complete, the long arc ratio (s = 7) results in an arc-pipe-freezing wall
about 400 mm thicker than that of the straight pipe. The arc pipe reaches a thickness around
46 days that is equivalent to the thickness at 58 days needed for the straight pipe, making it
approximately 1600 mm thick and reducing construction time by 12 days. Additionally, the
high-head side of the model shows an arched freezing wall, indicating improved structural
stability and confirming the arc pipe’s superior water isolation in the gushing stratum.

7. Conclusions

In this study, the development and characteristics of the temperature field and seepage
field of a single tube and multiple tubes frozen at different arcs were analyzed. Additionally,
this study has conducted simulations to investigate the effectiveness of water-stopping
conditions in shallowly buried tunnels for both straight tubes and long arc tubes with a
ratio of s = 7 under the conditions of water surging. Subsequently, this study has performed
a comparative analysis, leading us to the following key conclusions:

(1) During the freezing process, the shape of the curtain is mainly determined by the shape
of the freezing monotube; as the freezing process progresses, the upstream cold is carried
downstream by the groundwater, and a “cold channel” appears in the soil layer.

(2) As the long arc ratio s decreases and the curvature of the pipe increases, after freezing
with a single pipe in the presence of water flow, the change in the freezing-wall
thickness in the curved pipe becomes smaller than that of the straight pipe. This
difference is particularly prominent in the upstream section, where change in the
freezing wall’s thickness in the straight pipe exceeds that of the s = 7 curved pipe
by approximately 350 mm at a distance of −2000 mm from the main surface. A
smaller s-value brings the freezing pipe closer to the permeability boundary, resulting
in a shorter time for the groundwater phase change and a closer proximity of the
upstream seepage-velocity contour to the boundary, ultimately leading to improved
effectiveness of the water barrier.

(3) In the multi-pipe freezing model, the s = 7 curved pipe has a freezing-wall thickness
approximately 120 mm greater than that of the straight pipe at a distance of−2000 mm
from the main surface.

(4) The use of artificial freezing of water isolation in the lower step of a shallowly buried
tunnel as a solution is safe and reliable and can provide new ideas for similar engi-
neering risks.

(5) Under the water-surging condition of this shallowly buried excavation, the most
unfavorable permafrost curtain thickness of the freezing of a straight pipe at 58 d can
be reached by using the freezing of an arc pipe at 46 d, which effectively shortens the
construction period to 12 d and proves the superiority of the freezing of the arc pipe
to block water.
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