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The freezing construction of the end of the new shield tunnel has a mechanical
impact on the surrounding structures. Few studies exist on the reasonable range
of soil reinforcement near the shield tunnel and the influence of frost heave on
the existing structure during the freezing process. To explore the influence of
horizontal freezing of a proposed tunnel on existing underground structures,
a three-dimensional numerical model of ‘thermal-mechanical’ coupling was
established based on the horizontal freezing reinforcement project applied in
a shield receiving end, and the temperature field distribution characteristics of
different freezing stages were obtained. After confirming that the frozenwall had
reached the design thickness based on the temperature field, the mechanical
effects of frost heave on the existing structures were investigated, including the
side tunnel, the upper subway tunnel, and the end diaphragm wall. The results
showed that the frost heave pressure was mainly distributed in the structure
near the freezing zone, while the structure far away from the freezing zone was
relatively less affected by frost heave. By defining the strong and weak influence
sections, we introduced the influence coefficient η to quantify the frost heave
effect on the side tunnel. Under the condition that the thickness of the frozen
wall was constant, the strong influence range of the side tunnel reached 1.4
times the freezing length of the proposed tunnel at a distance of 3.6 times the
frozen wall thickness. The farther the clearance between the side tunnel and
the proposed tunnel was, the smaller the influence coefficient η was, and the
shorter the strong influence section was. The frost-heaving effect generated
by freezing at the shield tunnel receiving end was more pronounced along the
diameter of the freezing pipes, while axial release strength was comparatively
weaker. This research can provide a reference for evaluating the influence of
freezing construction on adjacent underground structures.

KEYWORDS

horizontal freezing, shield tunnel, existing structure, frost heave, numerical simulation

1 Introduction

With urban underground space development in recent years, the shield method
has been increasingly utilized in subway tunnels and various other projects where
the soil has high water content and low bearing capacity in water-rich soft soil

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1511744
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1511744&domain=pdf&date_stamp=2025-01-20
mailto:zqhong@cumt.edu.cn
mailto:zqhong@cumt.edu.cn
https://doi.org/10.3389/feart.2024.1511744
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1511744/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1511744/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1511744/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1511744/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Hong et al. 10.3389/feart.2024.1511744

areas (Zhang et al., 2024; Zhang and Huang, 2014; Koyama, 2003;
Russo et al., 2015). In shield tunneling projects, inadequate handling
of shield launching and receiving portals can lead to water leakage
and soil collapse (Alzoubi et al., 2020; Hu et al., 2019). Due to the
strong adaptability of the artificial ground freezing (AGF) method
and its remarkable water-sealing effect, this method is often used
to reinforce or repair shield tunnels to ensure construction safety
(Yang et al., 2019; Kleinlugtenbelt et al., 2013; Levin et al., 2021).

The ground reinforcement method based on freezing technique
has been extensively investigated by numerous scholars. Nishioka
used artificial freezing methods to strengthen the stratum of the
receiving shaft to prevent the collapse of the working shaft during
shield reception and reduce the risk of water leakage incidents and
achieved a good effect (Nishioka et al., 2004). In addition, the AGF
method was applied in the restoration project of shield tunnel near
Nakdong River, which was adopted as an auxiliary construction
method to connect the box structures inside the excavated zones to
the intact tunnel sections (Park et al., 2023). Based on the horizontal
annular freezing project at the receiving end of the shield machine,
Gao et al. (2021) analyzed the influence of soil quality, water content,
and groundwater flow rate on freezing. Liu et al. (2022) strengthened
the shield launching portal project of Wuxi Metro Line 4 Civic
Center Station by the “cup-shaped” horizontal freezing method
and pointed out that the horizontal freezing method has a good
reinforcement effect under weak stratum conditions.

As temperatures approach the freezing point of liquid water,
the soil undergoes expansion and deformation. EVERETT (1961)
first proposed the capillary theory, namely, the first frost heave
theory. However, this theory underestimates the frost heave pressure
in fine-grained soil. After realizing the shortcomings of capillary
theory, Miller (1972) proposed the frozen edge theory (the second
frost heave theory), which indicated the existence of low water
content, low moisture conductivity and a strip with no frost heave
on the freezing front and the freezing lens. After that, frost heave
has been studied by many researchers. Padilla et al. (1997) studied
the frost heave of grain fillings during ground freezing through
experiments and the finite element method (FEM). Yang et al.
(2006) presented a numerical simulation method of frost heave,
the method was applied to a cross passage construction using
the AGF technique in China. The coupling model can predict
significant frost heave under conditions of sufficient water supply
and effectively captures the frost heave characteristics under various
temperature and stress boundary conditions. Zhelnin et al. (2022)
established the relationship between temperature, pore water, and
ice pressure using the Clausius-Clapeyron equation and proposed
a thermo-hydro-mechanical (THM) model to study the effects
of frost heave and water migration on the formation of frozen
walls and subsequent shaft sinking in water-saturated soils during
artificial freezing. Yang et al. (2024) proposed a coupling model
that can predict significant frost heave under conditions of sufficient
water supply and effectively capture the frost heave characteristics
under various temperature and stress boundary conditions. During
tunnel construction using the AGF method, frost heave could
have adverse effects on surrounding areas, even leading to the
fracture of the freezing pipes (Wang et al., 2023). Li (2009) and
Zhou et al. (2009) utilized stochastic medium theory to predict
the heaving displacement of ground surface due to soil frost
heave in tunnel construction that uses AGF method. However,

the formation process of a frozen wall was not considered in the
aforementioned studies. Cai et al. established a model test system
that can simulate the frost heaving process and the horizontal
displacements of the ground surface were obtained, which agree
well with the field-measured data. Moreover, the effectiveness
and practicality of the improved analytical prediction were also
verified (Cai et al., 2019a; Cai et al., 2019b). These results provide
an important theoretical basis and measured data reference for
studying the influence of horizontal freezing at the shield end of the
subway tunnel.

As underground construction progresses, the impact of freezing
construction at the end of a new shield tunnel on surrounding
existing structures becomes increasingly significant, particularly
when tunnels pass through complex and interlaced strata of
underground pipelines. Currently, there is limited research on the
optimal extent of soil near shield entrances and exits using the
freezing method, as well as the effects of frost heave on surrounding
existing structures during the freezing process.

In this paper, a three-dimensional numerical model of
horizontal freezing is established based on a horizontal freezing
reinforcement project at the receiving end of a proposed tunnel,
which aims to address two critical issues, i.e., the temperature
field distribution characteristics in the reinforcement area
during the freezing period and the mechanical effects of the
frozen wall on existing structures, such as the side tunnel,
the upper tunnel, and the end diaphragm wall. These analyses
provide insights to guide frost heave control in practical
construction processes.

2 Engineering overview

2.1 Surrounding architectural environment

The proposed tunnel spans a total length of 17.01 km with an
outer diameter of 13.1 m, situated at a depth of approximately 29.7 m
below the rail surface. It utilizes configurations of both single-hole
double-line and double-hole single-line designs. The surrounding
area is characterized by densely distributed buildings, intricate road
networks, heavy traffic, and diverse environmental conditions. The
distance between the axis of the upper subway tunnel and the plane
of the proposed tunnel’s working shaft is approximately 36 m, with
the rail surface elevation at about −5.97 m. The vertical clearance
between the two main structures measures 11.89 m. The freezing
reinforcement area forms a rectangular zone with a length of 20.1 m
and a depth of 16 m. The proposed tunnel runs approximately
parallel to the side tunnel, positioned between its left and right-side
tunnels, slightly closer to the left side tunnel. It is approximately
8.84 m from the left side tunnel and about 9.15 m from the right-
side tunnel. The elevation of the proposed tunnel center is slightly
lower than that of the side tunnel.The positional relationship of each
tunnel is shown in Figures 1A, B.

2.2 Geological and hydrological conditions

The strata that the shield receiving shaft of the tunnel
passes through are (1) 0 Plain fill, (2) 0 Silt, (3) 2-2 Silty sand,
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FIGURE 1
Tunnels position diagrams. (A) Plan diagram. (B) Sectional diagram.

(3) 5-1 Coarse sand, (7) 1-1 Fully weathered shaly sand, (7)
1-2 Strongly weathered shaly sand and (7) 1-3 Moderately
weathered shaly sand (as shown in Figure 2). The engineering
geological conditions are poor, particularly due to the strongly
weathered argillaceous sandstone which exhibits characteristics
of softening and disintegration in water. Improper reinforcement
can easily lead to water gushing, sand gushing, uneven settlement,
and other disasters (Zhou and Cai, 2015). For the reasons
mentioned above, it is essential to conduct pretreatment before
excavation to prevent disturbance and prolonged exposure
to water. Based on the field test report, the physical and
mechanical parameters of each soil layer in the receiving shaft are
detailed in Table 1.

Based on the detailed geological survey report, the groundwater
aquifer at the site primarily consists of: Artificial fill layer (1)0,
Silty sand layer (3)2-2, Medium sand layer (3)4-1 and Coarse sand
layer (3)5-1. The fill soil is extensively distributed with substantial
local thickness, predominantly above the groundwater level. The
upper layers typically contain stagnant water, primarily accumulated
fromatmospheric precipitation,with increasedwater content during
the rainy season. The cohesive soil layer in the local section is
covered with a sand layer, and the groundwater is pressure-bearing.
The bedrock fissure water is mainly confined water, and the main
aquifer is in the strongly weathered rock zone and the moderately
weathered rock zone with developed joints and fissures, with
medium permeability and water abundance.
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FIGURE 2
Layout diagram of long pipe shed.

2.3 Freezing plan

Due to the complexity of the hydrogeological conditions within
the receiving range of the shield at the end of the proposed tunnel,
there may be risks such as water gushing, sand gushing, and uneven
settlement during the shield receiving process. To ensure the safe
operation of the shield machine, the artificial freezing method is
used to reinforce the shield end.Given the dense buildings andheavy
traffic on the ground, there is no condition for ground freezing, and
considering the dense distribution of underground pipelines, the
design adopts the scheme of “horizontal grouting in the working
shaft and local freezing reinforcement + steel sleeve” for shield
receiving. To minimize the impact of the shield construction of
the proposed tunnel on the operation of the subway line tunnel,
the original grouting reinforcement scheme was applied to a 60 m
long Φ159 mm long pipe shed at the receiving end of the shield.
The circumferential spacing of the pipe shed is 400 mm, and its
orientation aligns with the longitudinal slope of the proposed tunnel
line. During the construction of the shield receiving shaft, the steel
pipes with an outer diameter of 194 mm were embedded in the
sidewall as pipe shed guide pipes. The length of the guide pipes was
consistent with the thickness of the side wall of the main structure
of the station. The construction of the pipe shed adopts the form
of drilling with the pipe, whose process needs to strictly control
the construction accuracy of the long pipe shed to ensure that the
long pipe shed does not enter the shield tunneling range. The layout
diagram of the long pipe shed is shown in Figure 2.

Based on the actual project freezing design scheme, horizontal
freezing employs a double-ring pipe layout scheme to facilitate
smooth entry of the shield into the tunnel. The inner and outer
ring freezing pipes are spaced 0.8 m apart circumferentially, with
a ring spacing of 1 m. These freezing pipes are constructed from
89 mm seamless low-carbon steel, each measuring 16 m in length

and interconnected via screw threads. The freezing range primarily
covers the upper half section of the proposed tunnel. In the period of
active freezing, the design brine temperature does not exceed −32°C.
Throughout themaintenance freezing period, the brine temperature
remains below −28°C. The designed frozen wall thickness is no less
than 2.5 m, with a single-hole freezing radius of at least 0.75 m, the
single-hole freezing radius is not less than 0.75 m, and the average
temperature of the frozen soil curtain needs to be lower than −10°C.
The average temperature of the interface between the frozen soil
curtain and the diaphragm wall is maintained below −5°C. The
corresponding design criteria for frozen soil strength are as follows:
the uniaxial compressive strength is a minimum of 5.4 MPa, and the
flexural tensile strength should be greater than 2.7 MPa. The pipe
arrangement near the top of the tunnel is changed from circular to
horizontal, with freezing pipes spaced at 0.8 m intervals. The layout
diagram of the freezing pipe is shown in Figure 3.

3 Horizontal freezing numerical
calculation

3.1 Model establishment

During the construction of the artificial freezing method, the
temperature field in the soil is unsteady. According to the theory of
heat conduction, the differential equation of unsteady temperature
field considering the freezing phase change process of soil is as
follows:

k(∂
2T
∂x2
+ ∂

2T
∂y2
+ ∂

2T
∂z2
)+ qv = ρc

∂T
∂t

(1)

where:
k is thermal conductivity, W/m·°C;
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FIGURE 3
Layout diagram of freezing holes in tunnel cross section.

T is the soil temperature, °C;qv is the material released or
absorbed per unit volume during the phase transition process, J/m3;

ρ is soil density, kg/m3;
c is the specific heat of soil, J/(kg·°C).
In the non-phase transition region, qv = 0 in Equation 1.
The initial condition is:

T|t=0 = T0 (2)

The temperature boundary condition at infinity is:

T|t=0,∞ = T0 (3)

The heat conduction boundary condition of the soil around the
freezing pipe is:

k∂T
∂n
= q (4)

where:
k is thermal conductivity, W/m·°C;
n is the outer normal direction of the outer surface of the freezing

pipe;
q is the heat flux density on the surface of the freezing pipe,

W/m2.
The differential equation of unsteady temperature field

considering the freezing phase change process of soil Equation 1
and boundary conditions Equations 2–4 together constitute the
temperature well-posed problem of the model.

The modification of the temperature field substantially affects
the thermophysical properties (thermal parameters) of soil.
Conversely, alterations in the physical properties of soil also impact
the distribution of the temperature field (Xiang et al., 2023). The
thermoelastic analysis of the soil mass shows that in the elastic
region, the total strain increment can be expressed as:

d{ε} = d{ε}e + d{ε}T (5)

where:
d{ε}e refers to the elastic strain increment related to the force;
d{ε}T represents the increase in strain resulting from a change in

temperature.
In Equation 5, d{ε}e = [E]−1d{σ}+ ∂[E]−1/∂T·{σ}dT, and

the d{ε}T ={α}dT. In the formulas [E] is an elastic matrix; {σ}
represents stress; the symbol d represents taking the increment
of physical quantity; {α} is the thermal expansion coefficient
vector of soil. Combined with the Equation 5, the constitutive
relation of the incremental form in the elastic zone can
be obtained as:

d{σ} = [E](d{ε} − d{ε0}T) (6)

In Equation 6, d{ε0}T = (∂[E]
−1/∂T {σ} + {α})dT.

Based on the spatial positioning of the proposed tunnel
relative to the upper subway tunnel and the left and right-side
tunnel, a three-dimensional numerical model employing “thermal-
mechanical” coupling was established using finite element software
(as depicted in Figure 4).

This model was utilized to analyze the impact of
horizontal freezing at the tunnel’s terminus on the existing
structures. The temperature field induces thermal deformation
(thermal stress and thermal strain), thereby coupling with the
stress field.

The soil constitutive relation adopts the Mohr-Coulomb yield
criterion, while the building structure is modeled with an elastic
constitutive relation. Considering that it is difficult to quantify
the complexity of the boundary conditions of the surface, and
in order to more realistically reflect the response of the surface
during the freezing process, the upper boundary of the geometric
model is set as a free boundary. The normal constraints are applied
to the lower boundary and the surrounding boundary, limiting
the vertical and horizontal displacement of the soil. Since the
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FIGURE 4
Numerical computational geometry model.

location of the pipe shed inside the frozen wall, the internal
pipe shed of the frozen wall is set as a fixed constraint when
assessing the impact of frost heave on the adjacent tunnel outside.
Based on trial calculations, the dimensions of the model area
−80 m in length, 50 m in width, and 60 m in height—satisfactorily
meet the requirements for determining the boundary conditions
of the model. In the model, the vertical clearance between the
proposed tunnel and the upper subway tunnel is 11.89 m, the
horizontal clearance between the proposed tunnel and the left
side tunnel is 8.84 m, and the horizontal clearance between the
proposed tunnel and the right-side tunnel is 9.15 m. The freezing
pipes are horizontally inserted into the soil layer at the receiving
end from the side wall of the working shaft. A total of 72
freezing pipes were installed, including 24 pipes in the inner
ring, 24 pipes in the outer ring, and an additional 24 pipes
arranged horizontally in double rows at the top of the proposed
tunnel. The design parameters, encompassing the shape, size, and
spacing arrangement of the freezing pipes, adhere to the design
specifications.

3.2 Parameter selection

Given the lack of thermophysical parameters of the geological
conditions around the subway station in the geological survey
report, the thermodynamic parameters related to the cooling
process of the stratum are selected according to the similar soil
layers in other literature reports (Cai et al., 2019b; Zhou and
Cai, 2015) in the numerical calculation. The COMSOL finite
element software is used to perform a sequential thermo-mechanical

coupling simulation. In the first step, the temperature field is
solved, which is then imported as a predefined field to solve for
displacement and stress. The free tetrahedral mesh is used, and
the complete mesh contains “732,964”domain elements, 102,988
boundary elements, and 15,352 edge elements. Freezing is a heat
transfer process from the freezing pipe to the soil. There is a phase
change of ice water in the soil. When the liquid becomes solid,
the latent heat of phase change will be released. Based on the
field measurement report, the phase change temperature of pore
water is set to be −0.65°C and the latent heat of phase change
is 333.5 kJ/kg. The unfrozen soil exhibits a specific heat capacity
of 1650 J/(kgK) and a thermal conductivity of 1.42 W/(m·K).
Conversely, the frozen soil demonstrates a specific heat capacity
of 1560 J/(kg·K) and a thermal conductivity of 1.74 W/(m·K). The
freezing temperature of the soil is −0.65°C. Assuming a uniform
soil temperature field before freezing, the initial soil temperature
considered for calculations is 20°C, consistent with field monitoring
data. The temperature of the refrigerant is determined from
measurements in the brine main pipe, and its cooling curve is
depicted in Figure 5.

4 Numerical calculation of
temperature field

4.1 Selection of characteristic section

The characteristic section perpendicular to the horizontal
freezing pipe is selected to analyze the development
process of the freezing temperature field, and whether the
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FIGURE 5
Salt water cooling curve.

FIGURE 6
Position diagram of characteristic section.

thickness of the freezing wall reaches the designed freezing
wall thickness of 2.5 m is judged. A characteristic cross-
section is selected at the middle section of the horizontal
freezing zone from 0 to 16 m, with a specific example
taken at a 10 m distance from the working shaft, as
illustrated in Figure 6.

4.2 Development process of temperature
field

Based on the selected characteristic section, the relative position
relationship between the development range of frozen soil and the
contour line of freezing design thickness in different freezing stages
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FIGURE 7
Distribution of temperature field of characteristic section in different
freezing periods. (A) 7d. (B) 28d. (C) 43d.

is drawn (as shown in Figure 7) to analyze the development process
of the freezing temperature field.The dark blue curve in the figure is
the location of the freezing front.

In the rapid cooling stage, significant temperature disparity
between the initial temperature of the stratum and the temperature
of the brine results in severe heat exchange of the contact surface.
During this stage, soil temperature adjacent to the freezing pipes
drops swiftly, while the heat exchange between the soil and the
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freezing pipes at a distance is weak. The temperature is little
affected by the temperature of the brine, and the cooling is slow.
Illustrated in Figure 7A, delineated by dotted blue areas, frozen soil
predominantly forms around the freezing pipes.

Figure 7B shows the temperature field distribution after the
freezing wall closure. After the release of latent heat of water
phase change in the soil, the surface temperature of the adjacent
frozen soil column drops below 0°C and further decreases. As
the freezing duration increases, the frozen wall gradually forms
and thickens continuously. Subsequently, the frozen soil boundary
extends outward and gradually develops toward the designed frozen
soil contour line. At 43 days of freezing (Figure 7C), the freezing
front moves to the designed frozen soil contour line, and the
thickness of the frozen wall reaches the design requirement of
2.5 m. At this node, the numerical calculation of the subsequent
frost heave effect is performed. After the frozen wall reaches the
design thickness, the freezing project still needs to be carried out
to ensure the safe construction of the excavation process. To further
control the harm of frost heave, in the subsequent freezing project,
by adjusting the flow rate of salt water and appropriately increasing
the temperature of salt water, the thickness of the frozen wall is
maintained within a certain controllable range, which meets the
engineering requirements.

5 Calculation of mechanical influence
on existing tunnels

5.1 The impact on the side tunnel

During the freezing process, the phase change of liquid water to
solid ice induces volume expansion, leading to deformation in the
surrounding soil. Upon reaching the designed frozen soil contour
line, the thickness of the frozenwall achieves the design requirement
of 2.5 m. Based on the development status of the frozen soil curtain,
numerical calculations for the frost heave effect are carried out. The
Mises stress distribution of the edge waistlines of the left and right
side tunnel is shown in Figures 8, 9.

In Figures 8, 9, the transition fromblue to red indicates a gradual
increase in Mises stress, with deeper red shades indicating higher
equivalent stress levels. It is evident that the red areas are primarily
concentrated on the right side of the side tunnel and symmetrically
distributed along the tunnel axis. The maximumMises stress on the
left side tunnel edge waistline measures 0.399 MPa, slightly higher
than the 0.376 MPa observed on the right side tunnel edge waistline.
This disparity arises from the slightly smaller horizontal clearance
between the proposed tunnel and the left side tunnel, leading to a
greater influence on the left side tunnel’s stress levels.

The left side tunnel waistline, which is by the frozen side, is
denoted as the side edge waistline L1, while the waistline of the right
side tunnel is taken as the side edge waistline L2. The stress and
deformation profiles of side edge waistlines L1 and L2 depicted in
Figure 10. In Figure 10A, the positive direction of the abscissa x is
the direction of the shield entering the tunnel, and the value of the
ordinate compressive stress represents the frost heave force on the
side edge waistline. In Figure 10B, the ordinate is the deformation
value |d| of each point on the side edge waistline, whose positive

FIGURE 8
Mises stress distribution of the left side tunnel edge waistline.

FIGURE 9
Mises stress distribution of the right side tunnel edge waistline.

direction is the left side that is orthogonal to the direction of the
shield tunnel and points to the direction of the shield tunnel.

The response of the left and right-side tunnel edge waistlines
to soil frost heave is depicted in Figure 10. In Figure 10A, as points
alongside edge waistlines L1 and L2 progressively move away from
the section adjacent to the receiving portal (0 m), compressive
stress steadily increases until reaching peak values, followed by a
gradual decrease. The maximum compressive stresses for L1 and
L2 occur between 7 and 10 m from the portal section, with the
L1 curve peaking first. These peak stresses measure 0.057 MPa for
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FIGURE 10
The stress and deformation curves of side edge waistline L1 and L2. (A) Compressive stress curves. (B) Deformation curves.

L1 and 0.053 MPa for L2. Both force curves exhibit similar shapes,
indicating that the frost heave force exerted by the frozen wall is
symmetrically distributed to both sides. The horizontal clearance
between the proposed tunnel and the left and right tunnel differs
by −0.31 m, while the peak stress difference between the tunnels
is 0.004 MPa. Specifically, as the side edge waistline L1 approaches
0.31 m to the proposed tunnel, the peak stress gradually increases.

Figure 10B illustrates that as the abscissa (x) decreases, the
deformation curve of the side edgewaistline L1 shows an initial rapid
decline. At the position that x = −9.6 m, the curve reaches its nadir,
signifying the maximum deformation of the side edge waistline L1,
whichmeasures 13.9 mm. Following this minimum point, the curve
begins to ascend, with an accelerated rate of increase in deformation.
When the abscissa (x) decreases to −22.1 m, the deformation of L1
reaches 2.78 mm, constituting 20%of themaximumdeformation. In
the preceding section, the side edgewaistline experiences substantial
effects from frost heave, with deformations consistently exceeding
20% of the maximum. Conversely, in subsequent sections, the
influence of frost heave diminishes, resulting in deformations less
than 20% of the maximum. The deformation curves of L1 and L2
are approximately symmetrical about the straight-line y = 0, and the
maximum deformation of the L2 deformation curve is 13.6 mm at
x = −9.6 m. Beyond this point, the deformation gradually decreases.
When the abscissa x decreases to −22.1 m, the deformation of L2 is
2.72 mm. It can be seen that the larger the clearance between the side
tunnel and the proposed tunnel, the smaller the effect of frost heave
and the smaller the deformation.

To assess the impact of frost heave induced by the frozen wall
on the side tunnel, we define the strong influence section (m)
as the segment where deformation exceeds 20% of the maximum
deformation, and the weak influence section (n) where deformation
is below this threshold. The freezing length of the end is l, and h
represents the clearance from the side tunnel to the proposed tunnel.
The influence coefficient η is defined as η = m/L. Details of the
influence coefficient parameters are depicted in Figure 11.

In the case of the left side tunnel, the strong influence section (m)
spans 22.1 m, with a freezing length of the end at 16 m.The clearance
(h) from the left side tunnel to the proposed tunnelmeasures 8.84 m.

FIGURE 11
Influence coefficient related parameters schematic diagram.

Consequently, the influence coefficient η of frost heave on the left
side tunnel edge waistline is determined as 1.38.

Given a defined clearance (h) from the side tunnel to the proposed
tunnel, the influence range of the side tunnel can be inferred using the
influence coefficient and the freezing length of the end. As h increases
from8.84 m(clearancefromtheleftsidetunneltotheproposedtunnel)
to9.15 m(clearancefromtheright-sidetunnel totheproposedtunnel),
the length of the strong influence section (m) decreases marginally
from 22.1 m to 22.0 m. Consequently, the influence coefficient (η)
adjusts to 1.375. The results show that under the condition that the
freezing length of the end and the thickness of the frozen wall are
constant, the farther the side edge waistline is from the frozen wall,
the smaller the value of the influence coefficient η and the shorter
the strong influence section m. The influence coefficient η reflects
that the influence strength of frost heave on the existing pipeline
depends on the parameters such as the freezing length of the end
and the distance between the frozen wall and the existing pipeline.
Combinedwith the tunnel segment’s stiffness, the side tunnel’s affected
area should be regarded, and the strongly affected area needs to be
reinforced in the project.
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FIGURE 12
Mises stress distribution along the upper subway tunnel side edge lines.

FIGURE 13
The stress and deformation curves of side edge lines L3 and L4. (A) Compressive stress curves. (B) Deformation curves.

5.2 The impact on the upper subway tunnel

The distribution of Mises stress along the subway tunnel side
edge line is illustrated in Figure 12. The side edge waistline L3,
located near the working shaft, represents the waistline, while side
edge line L4 corresponds to the centerline of the subway tunnel floor.
Detailed stress and deformation characteristics of side edge lines L3
and L4 are presented in Figure 13.

From Figure 13A, it is evident that both side edge lines L3
and L4 exhibit signs of frost heave, as evidenced by similar
patterns in their compressive stress curves. Maximum compressive
stresses occur at y = 0 for both lines. Specifically, the maximum
compressive stresses for side edge lines L3 and L4 are 0.045
and 0.046 MPa, respectively. As the distance from the side

edge line increases, compressive stress gradually diminishes
on both sides. Notably, at equivalent abscissa positions, the
compressive stress on L3 consistently registers slightly lower than
that on L4.

The proximity of side edge lines L3 and L4 to the freezing
area results in stress differences that are independent of this
distance. Analysis from Figure 13B reveals that side edge line L3
undergoes primarily vertical deformation, peaking at 7.00 mm at
y = 0. In contrast, side edge line L4 experiences predominantly
horizontal deformation, with a maximum of 2.32 mm, also at
y = 0. This observation underscores the stronger frost heave
effect along the diameter of the frozen pipes induced by freezing
at tunnel end, with relatively weaker stress released along the
axial direction.
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FIGURE 14
Mises stress distribution on the inner surface of the end diaphragm wall.

5.3 The impact on the end diaphragm wall

During the active freezing period, the frost heave effect of the
end diaphragm wall adjacent to the freezing zone intensifies as the
freezing front advances. To ensure the stability and safety of the
end diaphragm wall, an analysis of its stress state during freezing
is crucial. Figure 14 illustrates the distribution of Mises stress on the
inner surface of the end diaphragm wall.

Affected by the horizontal freezing at the end, the equivalent
stress on the inner surface of the end diaphragm wall is mainly
concentrated near the frozen wall. The maximum equivalent
stress reaches 0.99 MPa at the waistline of the proposed tunnel.
Monitoring line L5, defined as the intersection between the inner
surface of the end diaphragm wall and the proposed tunnel, whose
deformation is illustrated in Figure 15.

Figure 15 indicates that the deformation curve of monitoring
line L5 is symmetrically distributed around the straight line y = 0.
Within the range of y = −5 to 5, points on L5 exhibit deformations
exceeding 23 mm, with amaximumdeformation reaching 26.3 mm.
As the point on monitoring line L5 moves beyond y = ± 5 in both
directions, the deformation curve enters a rapid decline phase. At
the position that y = ± 7.3 m, the deformation measures 5.26 mm,
representing about 20% of the maximum deformation observed.
Further movement shows that deformation along monitoring line
L5 decreases to less than 5.26 mm. This underscores that the
primary deformation occurs within the frozen wall area of the
semicircular arch, with the remaining sections experiencing minor
deformation effects.

6 Conclusion

Based on the horizontal freezing reinforcement project for
a proposed tunnel shield receiving end, a comprehensive three-
dimensional numerical model employing “thermal-mechanical”

FIGURE 15
Monitoring line L5 deformation curve.

coupling has been developed. Upon the model described above,
the temperature variations within the reinforcement range
during different freezing stages were analyzed. Furthermore,
the mechanical effects of frost heave on the existing structures,
specifically the side tunnel, the upper subway tunnel, and the
end diaphragm wall were investigated. The principal findings
are as follows:

(1) Initially, frozen soil predominantly accumulates around the
freezing pipes. As freezing progresses over subsequent days,
the frozen wall gradually forms and thickens, causing the
boundary of frozen soil to extend towards the contour line

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2024.1511744
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Hong et al. 10.3389/feart.2024.1511744

defined by the designed freezing thickness. In the later stages of
freezing (43 days), the development of the frozen soil exceeds
the contour line specified for the 2.5 m frozen wall according
to design requirements, thereby accurately simulating the
evolution of the engineering temperature field.

(2) Compressive stress distribution in the side tunnel, the upper
subway tunnel, and the end diaphragm wall predominantly
affects the tunnels adjacent to the freezing zone, with those
farther removed experiencing negligible frost heave effects.
It has been determined that under conditions of constant
the length of the freezing pipes and frozen wall thickness,
the distance of approximately 9 m from the side tunnel to
the proposed tunnel results in a highly influenced range
of approximately 1.4 times the freezing length of the end.
As the distance from the side edge waistline to the frozen
wall increases, the influence coefficient η decreases, thereby
reducing the length of the strong influence section.

(3) The primary deformation of the upper subway tunnel occurs
vertically, with a maximum displacement of 7.00 mm, whereas
the maximum horizontal deformation is only 33% of the
vertical displacement. These findings indicate that the frost-
heaving effect generated by freezing at the tunnel end is more
pronounced along the diameter of the freezing pipes, while
axial release strength is comparatively weaker.

(4) Since the model is only for this engineering condition, the
research considers the freezing condition under hydrostatic
conditions. Further research is needed in the future to address
the impact of dynamic water on the development of frost heave
in practical engineering.
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