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The freezing-sealing pipe-roof method is a new presupporting technique, which fully
combines the advantages of pipe-roof method and artificial ground-freezing method, and
can adapt to the construction needs of underground projects in complex and sensitive
strata. After the Gongbei Tunnel of Hong Kong-Zhuhai-Macao Bridge, this method will be
applied for the first time in an underwater shallow-buried railroad tunnel, and there are still
many urgent problems to be solved. In this article, based on the field situation and the
preliminary design scheme, a convective heat transfer model under complex boundary
conditions was first established. Then, the development of frozen wall thickness during the
active freezing period was solved by numerical simulation for three different pipe filling
modes, and the cloud map of temperature distribution in the whole section is analyzed.
After that, the moving state of river water was characterized by different heat transfer
coefficients, and the weakening effect of flow velocity on the top freezing wall was studied.
Finally, six critical water sealing paths were selected, and the temperature differences of the
frozen curtain were calculated. The results show that the mode with interval concrete filling
can form a reliable frozen curtain within the scheduled time, whereas the nonfiling mode
cannot achieve the water sealing requirement. River water has a large effect on the
temperature at the boundary of jacking pipe and almost no effect on the center of the
jacked pipe. It takes approximately 15 days from the frozen soil covering the pipe wall to
reach the designed thickness, and the freezing effect of empty pipe lags approximately
28 days compared with that of solid pipe, which requires targeted enhancement measures
in field projects.

Keywords: underwater tunnel, freeze-sealing pipe roof, temperature field, frozen curtain, freezing effect

1 INTRODUCTION

The pipe-roof (PR) method is one of the important support methods in the shallow buried
excavation construction [1, 2]. It uses micropipe jacking technology to jack in steel pipes around
the proposed underground building; the steel pipes are connected with locking ports and injected
with waterproof materials to form a watertight underground space, and then the next step of soil
reinforcement and excavation is carried out under the protection of the pipe roof [3-5]. Although the
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FIGURE 2 | Route map of tunnel underneath the Qinhuai River.

use of locking connection can ensure the construction in a water-
isolated environment, it requires high precision for the jacking
direction of pipe curtain. Long-distance and curved jacking
construction often leads to water stop failure due to lack of
precision, bringing greater construction risks [6].

The artificial ground-freezing (AGF) method, as a mature and
reliable reinforcement technology, has been widely used in coal
mines, tunnels, and other municipal projects [7-10]. It uses
artificial refrigeration technology to freeze water in the strata
and turn the natural soil into frozen soil to increase its strength
and stability, whereas the closed frozen curtain acts as an
enclosure structure to isolate the groundwater from the
excavation works and play a role in water stopping and
reinforcement [11]. Therefore, the AGF method is a very
reliable choice for reinforcing the gap between adjacent
jacking pipes in the PR method, and the resulting new
presupport system is known as the freezing-sealing pipe-roof
(FSPR) method [12].

As a brand new method, the only project currently using the
FSPR method is the famous Gongbei Tunnel of the Hong
Kong-Zhuhai-Macao Bridge [13, 14]. Because this project
passes under an important entry/exit port, the tunnel
construction requires very strict control of surface
deformation, so three different types of freezing tubes are
innovatively used in the FSPR system. It effectively reduces
the damage to the buildings above by the frost heave and
thawing settlement effect during the whole freezing process
[15, 16]. Unlike this project, when FSPR method is used in
shallow-buried tunnel projects under rivers, controlling surface
deformation will not be the main purpose of ground
presupport. As the weakening of the freezing wall by the
high-temperature fluid cannot be ignored, whether a reliable
water-sealing curtain can be formed during the freezing process
is the first problem to be solved by the FSPR method in a water-
rich environment. As there has been no literature about the
same problem for FSPR at present, there are still many
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FIGURE 3 | Tunnel cross section and recommended layout of
freezing tubes.

problems of principle and application in the stage of program
demonstration.

Based on the Qinhuai Tunnel in China, which is an underwater
railway tunnel to be constructed using the FSPR method for the first
time at home and abroad, the critical purpose of FSPR is to reduce
the impact of river and groundwater on the tunnel excavation and
provide temporary water barrier. In this article, we conducted a
series of research on the applicability of this method, especially
considering the effect of sealing the moving river flow, to solve the

technical problems of FSPR method for water-rich tunnels and
provide reference for engineering design and construction.

2 BACKGROUND

2.1 Engineering Background

The Ning-Wu Railway, then called the Jiangnan Railway, was
completed and operated in 1935, connecting Nanjing and Wuhu,
which are two important node cities in Jiangsu and Anhui
Province. It is a national railway line that undertakes important
passenger and freight transportation tasks in the Yangtze River
Delta in China. With the rapid development of modern society, the
transportation capacity of this ancient single-track nonelectrified
railway is mostly saturated, and it has been difficult to meet the
needs of urbanization process. At the same time, because the
existing Ning-Wu Railway turns around in the Nanjing city,
blocking the smooth flow of many main roads, the noise
disturbs the nearby residents at night; the progress of the
reconstruction project of this railway has been attracting
attention for many years.

In recent decades, with the advancement of the construction
process, the railway management department and the local
government have basically formed a consensus on “using the
railway corridor to detour to Nanjing South Station,” which
solidifies the external winding scheme of the section from
Cangbo Gate Station to Guxiong Station. The rough route
diagram is shown in Figure 1. After the completion of this
project, it will not only greatly enhance the freight capacity
and promote the adjustment of transportation system, but also
will effectively improve the living environment and travel
conditions of residents along the railway line.

The preliminary design plan of this route will cross under the
New Qinhuai River near Nanjing South Railway Station in the form
of an undercut tunnel, and the axis is oblique to the river trend, with
an included angle of approximately 41°, as shown in Figure 2. As

freezing effect analysis
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FIGURE 4 | Numerical model of full section of Qinhuai Tunnel.
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FIGURE 5 | Schematic diagram of the grid division of numerical model. (A): Full-section grid. (B): Enlarged view of local grid. (C): Grid after excavation.

the thickness of soil covering on the top of the tunnel is very small,
and the minimum value is less than 2m, it does not have the
conditions for shield construction. After comparison and selection
of construction schemes, it is proposed to adopt the FSPR method
as the tunnel presupport system, in which the pipe roof is conducted
by jacking 26 steel pipes in sequence to form a load-bearing
structure for soil excavation, and freezing tubes are arranged
inside the jacking pipes to circulate low-temperature salt water
to reduce the soil temperature around the steel jacking pipes. The
purpose of FSPR method is to form a closed frozen soil curtain
between the jacking pipes to isolate the influence of river water and
groundwater on the tunnel construction. The cross section of this
tunnel is shown in Figure 3, in which the 26 jacking pipes are
arranged approximately in a quasi-rectangular shape along the
tunnel excavation contour. The large-size jacked pipe with a
diameter of 1.62m is used as the load-bearing structure, which
is also convenient for personnel and equipment to work inside.
In addition, as shown in Figure 3, the distance between
adjacent jacking pipes is approximately 20 to 25 cm. The gap

between adjacent jacking pipes is the main path for groundwater
to enter the tunnel excavation surface, and it is also a key location
for sealing water using the freezing method. In order to ensure the
freezing effect here, the freezers are arranged at the two waists
inside each pipe jacking, and the position of the freezing tubes is
on the line connecting the centers of adjacent jacked pipes, where
the distance between the pipes is the smallest. As the river flow
above the tunnel has a nonnegligible weakening effect on the
development of the temperature field, whether a reliable freezing
wall can be formed to block the influence of groundwater still
needs to be systematically studied.

3 ESTABLISHMENT OF NUMERICAL
MODELS

3.1 Model Assumptions
In order to make the numerical simulation reflect complex
engineering problems, certain model assumptions must be
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TABLE 1 | Table of parameters for unfrozen water content test.

wo (%) wp (%) TO ('C) Tp ('C) A B

36.73 21.17 -2.25 -2.92 2.039 2114

made. The assumptions made in this study mainly include the
following three points:

(1) As the project has a small impact area in depth direction, it is
assumed that the various layers within the calculation range
of the project location are distributed horizontally and are
isotropic.

(2) Three-dimensional finite element analysis requires the
establishment of complex models, the number of meshes
is large, and it takes a long time. Considering that the length
of the freezing tube is much larger than its diameter and the
axial temperature difference is extremely small, the
calculation is carried out by simplifying the three-
dimensional finite element model to a two-dimensional
model without causing large errors.

(3) Moving water is approximately a fully developed uniform
laminar flow, and the water velocity at different depths above
the river bed is approximated by an average value.

3.2 Geometric Model

To study the reliability of FSPR method is to study the
distribution of ground temperature in the freezing process,
because temperature field is the basis of safety evaluation of
the frozen curtain. In this study, a two-dimensional heat
conduction model considering the full-section pipe jacking is
used for calculation according to the design plan of Qinhuai
Tunnel, as shown in Figure 4. A total of 26 jacking pipes are
arranged in a rectangular shape, and 52 freezing pipes are
arranged in a single circle inside the jacking pipe. The
dimensions of the jacking pipe and freezing tube in the
numerical model are consistent with the actual design scheme.
In order to reduce the influence of the boundary conditions of the
numerical geometric model on the calculation results during the
freezing process, after preliminary calculations, the total length of
the model is selected as 67.6 m, and the total height is 52.60 m.
The numerical model is symmetrical in the horizontal direction.
For the convenience of description, the jacking pipe passing
through the top symmetry axis is marked as no. 1 jacking
pipe, and the numbering of jacking pipes is 1 to 26, which are
numbered clockwise, as shown in Figure 3.

The key point of sealing water using the FSPR method lies in
the development of frozen soil curtain, and the analytical results
show that the distribution gradient of temperature field decreases
as the distance from the freezing pipe increases [15]. Therefore, in
order to increase the calculation speed under the premise of
satisfying the calculation accuracy, the model grid is divided
according to the principle of the denser the grid area near the
freezing tube (frozen soil curtain), and the sparser the grid away
from the area. The grid division during the active freezing period
is shown in Figure 5A, using unstructured triangle element. The
region near jacking pipes and freezing tubes have higher grid

FSPR Method in Underwater Tunnel

TABLE 2 | Unfrozen water content at different frozen soil temperature (%).

T -2.1(°C) -4 (°C) -10 ('C) -30 ('C)

Wy 31.44 14.51 4.83 1.29

densities, and the partial enlarged view is shown in Figure 5B.
After a period of active freezing, a frozen soil curtain of a certain
thickness will be formed around the jacking pipe. When the
thickness reaches the design value, it will enter the maintenance
freezing stage, and then the tunnel excavation will be carried out.
Excavation construction will directly dig out part of the inner
frozen soil and reduce the thickness of the frozen wall, and at the
same time, the high-temperature thermal disturbance of the
excavation surface will also have a greater weakening effect on
the frozen wall. In order to simulate the influence of tunnel
excavation, it is necessary to remove the soil mesh inside the pipe
roof during this process. In this article, we focus on the water
sealing performance of the underwater FSPR method during the
active freezing period, without analyzing the temperature field
variation during the excavation process, and only a simple
schematic representation of the numerical meshing is
presented here for further research reference. The grid division
of the maintenance freezing stage is shown in Figure 5C.

3.3 Boundary Conditions and Model

Parameters

3.3.1 Geometric Boundary

Proper selection of model boundary conditions is the key to
ensuring the reliability of calculation results for numerical
simulation [17]. The boundary conditions of the model
studied in this article involve the temperature boundary of the
freezing tubes, the boundary of the river bed, and the initial
temperature boundary of the distant stratum. According to the
field situation of the project, convection heat transfer conditions
are set between the water and the soil, and the lower boundary of
the model is set to a constant temperature of 20°C, which is safer
to take this value of the initial soil temperature. Based on the
symmetry of the numerical model, the left and right boundaries
are set as adiabatic boundaries.

In addition, in order to study the influence of the upper
Qinhuai River flow on the frozen soil curtain, considering the
existence of convective heat transfer between the frozen soil and
the river water, this study applies convective conditions to the
river water and soil boundary and uses different heat transfer
coefficient to describe the influence of moving water velocity in
the following text. The preliminary calculation results show that it
is appropriate to set the heat transfer coefficient between the river
water and the soil at 50 J/s m*C, and the river water temperature
at 20°C, which is equal to that of initial ground soil.

3.3.2 Boundary of Freezing Tube Wall

For the temperature load on the freezing pipes, the cold capacity
of the freezing tube comes from the circulating flow of the
internal cryogenic liquid, so the freezing process of the soil is
actually the flow of the cryogenic liquid taking away the heat in
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TABLE 3 | Thermophysical properties of materials.

Material Density (kg/m°)
Steel pipe 7,850
Concrete 2,344
Air 1
Soil 1870

25
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FIGURE 6 | The thickness of the frozen soil curtain changes with time.

the ground soil, and the heat exchange at the freezing tube wall is
actually a complicated thermal transfer process. However,
relevant research shows that the convective heat transfer
coefficient of the brine flowing in the freezer is large, and the
thermal conductivity of frozen soil is small, which can transform
the convective boundary conditions into temperature boundary
conditions [18].

At the same time, in the case that the freezing tube is not very
long, directly using the inlet temperature of the refrigerant as the
constant temperature load on the outer wall of the freezing tube will
not cause much errors [19]. Therefore, in this article, the temperature
load at the freezing pipe is simplified, and the temperature load is
directly applied to the freezing pipe wall without considering the
influence of the brine flow in the freezing pipe, and the numerical
model is calculated under this condition. Taking into account the
field construction, it will take a certain time for the brine temperature
to drop to —28°C. Referring to engineering experience, here it takes
7 days to change to —18°C, 11 days to —24°C, and 17 days to —28°C
and then maintain this temperature. During the tunnel excavation
process, the temperature load is kept at a constant temperature of
—28°C during the freezing phase.

3.3.3 Freezing Point and Unfrozen Water Content

Because the thickness of the frozen pipe wall and the diameter of
the frozen pipe are much smaller than the entire frozen soil
curtain, the focus of the analysis is on the soil freezing process.
The properties of the frozen wall are closely related to the freezing

Specific heat (J/kg-k)

FSPR Method in Underwater Tunnel

Thermal conductivity (W/m-k)

459.8 44.70
752.4 1.835

10083.2 0.0279
1650 1.42(1.74)

temperature of the soil, and this value varies with the salt content
of the formation. In this article, referring to the test report on the
physical and mechanical properties of the artificially frozen soil in
the Yangtze River, the soil freezing temperature is selected as
—2.1°C. The relatively low freezing point takes into account the
effect of salt content in offshore strata, and this value in Nanjing
area is definitely higher, which is also on the safe side for field
project. Besides, unfrozen water is the source of liquid water
migration in frozen soil, and it is also the main factor that affects
the degree of soil particles being cemented by ice. The unfrozen
water content in frozen soil maintains a dynamic equilibrium
relationship with temperature; that is, as the temperature
decreases, the unfrozen water content decreases, and vice versa
[20]. This relationship can be expressed by the following formula:

_ B
w, = ATf

_ B
A= onO (1)

_Inwy - Inwp
- h’lTp —lnTo

where w, represents the unfrozen water content; wp represents
the water content at the plastic limit (%); w, represents the initial
water content (%); A and B are constants related to the properties
of the soil; T¢is the absolute value of the temperature (°C); and Tp
is the absolute value of the freezing temperature at the plastic
limit (°C).

According to the experimentally measured freezing point and
plastic limit freezing temperature, the constants A and B related
to the properties of the soil can be calculated, as shown in Table 1.

Substituting these two constants into Eq. 1 again, then the
unfrozen water content at any frozen soil temperature can be
calculated. The results of w, (%) at a specific temperature in this
article are shown in Table 2.

3.3.4 ThermoPhysical Properties

The thermal conductivity of soil is a function of temperature. The
thermal conductivity of frozen soil increases slightly with the
decrease in negative temperature, but the rate of increase is small
[21]. Thus, it is permissible to consider only the freezing and
thawing state for the thermal conductivity while ignoring the
effect of temperature in general engineering thermal calculations.
According to the test results, when the soil temperature is
positive, the thermal conductivity is 1.42 W/(mK) and 1.74 W/
(mK) when the soil temperature is negative. Other related
thermal physical parameters, such as steel jacking pipe,
concrete (considering part of the jacking pipe filling concrete),
and air, are shown in Table 3.
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80 days

4 RESULTS AND DISCUSSIONS

4.1 Freezing Effect Under Different

Concrete Filling Modes

In order to improve the heat transfer efficiency between the
frozen tubes and the surrounding ground, referring to the
experience of filling concrete with steel pipe jacking in
previous projects, this article studied the development of the
freezing temperature field under three different concrete filling
modes. The three filling modes are as follows: Model 1: interval
filling with concrete (no. 1 jacking pipe is not filled); Model 2:
interval filling with concrete (no. 1 jacking pipe filling); Model 3:
no concrete filling.

Taking into account the weakening effect of the freezing effect
caused by the moving water at the top of the tunnel, this article
analyzed the thickness of frozen curtain at the weak location
under the above three modes and draws the change graph of the
curtain thickness with time as shown in Figure 6.

It can be seen from Figure 6 that the thickness of frozen soil
around the top jacking pipe gradually increases with time in all
three filling modes, and the development of the interval filling
mode is better than that of the no filling mode during the entire

active freezing period. Regardless of whether the no. 1 jacking
pipe is filled, the development trend of the frozen soil thickness in
the interval filling mode is approximately the same. In the early
period of active freezing, the development speed of frozen soil
thickness first increased and then slowed down, and after 45 days,
the speed increases again. When frozen for 60 days, the thickness
of the frozen soil reached 2 m and then gradually decreased.

Compared with the interval filling mode, the frozen soil
thickness of the unfilled concrete mode only increased rapidly
in the early 20 days in active freezing period, and the growth rate of
the frozen thickness has been in a very slow state of development
afterwards. The thickness of frozen soil in the weak area during the
whole 80-day active freezing process was 0.806 m, which was not
enough to reach the design index of freezing thickness.

4.2 Changes in Temperature Cloud Chart
In order to more intuitively display the development of the full-
section freezing temperature field, draw a cloud map of the frozen
soil curtain for the 20th, 40th, 60th, and 80th days under the three
filling modes, as shown in Figures 7, 8.

For the interval filling mode, it can be seen from Figure 7 that
during the entire 80-day active freezing period, temperature

Frontiers in Physics | www.frontiersin.org

January 2022 | Volume 9 | Article 794374


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Hong et al. FSPR Method in Underwater Tunnel

A NODAL SOLUTION AN SanSs B DA 0rDTIRY B SRY“’SS
STEP20
SUB=1

TIME=20
TEMP (AVG)
RSYS=0

c NODAL SOLUTION ANSXE D NODAL SOLUTION ANSRYASS
STEP=60

E:
TEMP (AVG)
RSYS=0

SMN =28
SMX=20

60 days 80 days

FIGURE 8 | Temperature cloud map of no filing: (A) 20 days, (B) 40 days, (C) 60 days, and (D) 80 days.

20
[—®— center point(casel)
—&— boundary point(casel)
15 [—0— center point(case2)

—A— boundary point(case2)|
- F - center point(case3)
- 2 - boundary point(case3)|

Temperature/°C
o w

'
A%

_20 | 1 1 1 1 1 1 1 1 |
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time/d

FIGURE 9 | Temperature curves under different water flow speed
conditions.

FIGURE 10 | Schematic diagram of six critical paths of frozen curtain.
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distribution of the empty jacking pipe is slightly worse than that
of the adjacent solid pipe, but with the extension of the freezing
time, the blue area representing low temperature gradually
increases near the empty pipe. After 80 days of freezing, the
section of the empty pipe has been completely covered by blue
area, the thickness of frozen soil between adjacent jacking pipes is
almost the same as the pipe diameter, and the full section of the

tunnel is wrapped by a closed frozen curtain ring to achieve the
purpose of sealing groundwater.

Figure 8 shows the cloud diagram of temperature field without
filling concrete. It can be seen that during the active freezing
period, although the soil temperature around the pipe roof
decreases, the temperature in the whole process remains above
the freezing point, which is not enough to form a stable and
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reliable closed frozen curtain. Therefore, this mode cannot
achieve the purpose of sealing water between the jacking pipes.

4.3 Influence of Moving Water Boundary

In order to analyze the influence of the river water flow above the
tunnel on the freezing effect of the pipe curtain, the heat transfer
coefficient between the flowing water and the surface of the river

bed is used to characterize the weakening of the frozen soil curtain
by different dynamic water velocities. The heat transfer coefficient
is positively related to the water flow velocity, and the larger the
heat transfer coefficient, the faster the river flows.

Convective conditions on the upper boundary of the model
were set, and the coefficients of convective heat transfer were
selected as 500, 1,000, and 2,000 J/s m*’C, respectively, according
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TABLE 4 | Relationship between freezing time and thickness of frozen curtain.

Path Thickness/m Freezing time/d Time difference/d

1 1.61 45 13
2.00 58

2 1.61 19 13
2.00 32

3 1.61 18 12
2.00 30

4 1.61 36 16
2.00 52

5 1.61 45 15
2.00 60

6 1.61 18 14
2.00 32

to the heat transfer indexes under the natural convection and
forced convection conditions of water. The temperature curve of
two characteristic points with time was plotted, namely, the
center point and boundary point of no. 1 jacking pipe at the
top, as shown in Figure 9.

It can be seen from the figure that, considering the thermal
disturbance of the moving water above the tunnel, the
temperature distribution at the top of no. 1 jacking pipe, that
is, the point closest to the moving water boundary, is much higher
than the center point, with a temperature difference of
approximately 5°C. At the same time, it can be found that the
temperature curve at the center position of the jacking pipe still
almost overlaps under the conditions of three different flow
speeds of dynamic water characterized by three heat transfer
coefficients, whereas the temperature curves at the upper
boundary of the jacking pipe deviate, and the magnitude of
deviation varies with the extension of the freezing time
increases. This indicates that the river water velocity above the
tunnel has little effect on the internal temperature field
distribution of the jacking pipe, whereas it has a greater effect
on the temperature near the pipe boundary.

4.4 Frozen Soil Thickness of Critical Path for
Sealing Water

Taking the interval filling mode 1 as the object of analysis, six
critical water sealing paths as shown in Figure 10 were selected
for the study of frozen curtain thickness according to the
temperature cloud of the unfilled no. 1 jacking pipe.

As mentioned before, the distribution of temperature field in
the active freezing stage can be obtained after numerical
calculation. Based on the previous engineering experience and
the possible design thickness of this project, the research nodes
are set as follows: the thickness of the frozen curtain reaches
1.61 m (ie., just flush with the top pipe); the thickness of the
frozen soil curtain reaches 2.0 m. For mode 1 with spaced-fill
concrete, the temperature clouds for each critical calculation path
when the frozen soil thickness reaches these two nodes
mentioned previously are shown in Figures 11, 12.

In order to visually quantify the development of the frozen soil
on different paths, the relationship between freezing time and

FSPR Method in Underwater Tunnel

frozen curtain thickness was extracted from the numerical
calculation results, and the time to reach two different
thickness indicators in each path direction and the
corresponding time difference results are shown in Table 4.

From the results in the Table 4, it can be seen that the freezing
arrangement of no. 1 pipe filling concrete can fully achieve the
required effective frost curtain thickness with the aforementioned
model parameters, and the time difference from the frozen soil
covering the pipe wall to the design thickness is approximately
15 days. In addition, the time required to reach the same frozen
curtain thickness is approximately 28 days faster for a concrete-
filled pipe than for an empty pipe. In order to reduce the
difference in the properties of the local frost curtain and to
shorten the time difference between the solid top pipe and the
empty pipe to reach the same thickness, specific insulation
treatment must be applied to the empty top pipe to enhance
the freezing effect in the field construction process.

5 CONCLUSION

Combined with the practical situation of the FSPR method
applied in the railway tunnel under the New Qinhuai River,
based on two-dimensional full-section finite element numerical
model, we can conclude that under the influence of river moving
water, the scheme of using the concrete filling at intervals can
form a reliable freezing and sealing curtain within the designed
time. The river moving water has a large influence on the
boundary temperature of the top jacking pipe, and in order to
ensure that the thickness of the top frozen curtain reaches the
target index, the freezing pipe temperature in this area can be
reduced appropriately. Freezing effect of jacking pipe without
filling concrete has a certain gap compared with the solid pipe, so
it is necessary to insulate the empty pipe to achieve local
strengthening in the field project.
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