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Aiming at the complicated engineering conditions of the auxiliary shaft repair in the Banji coal mine, it was proposed to seal the
water around the shaft lining by differential control freezing technology using double rows of holes. *e outer row of holes is
completely frozen, and the inner row of holes is local differential frozen according to the degree of destruction of the shaft lining.
*e local differential freezing pipe was successfully developed according to engineering requirements. Numeral simulations were
used to predict the development of the freezing temperature field; the results showed that the inward expansion range of the frozen
wall formed by the inner row freezing holes was effectively limited and the temperature drop rate of the shaft lining was
significantly reduced after the local differential freezing technique was adopted. *e on-site monitoring data showed that the
temperature of the limited freezing layer was about 5°C higher than that of the conventional freezing layer. During the drainage
work and the construction of the new shaft lining, the thickness and average temperature of the frozen wall remained stable,
indicating that the implementation of the local differential freezing technology achieved the expected results. Further analysis
showed that when the temperature of the limited freezing part of freezing pipes in the inner row was controlled within the range of
− 15 to − 10°C, not only could the frozen wall reach the design thickness and strength but the frost heaving pressure on the existing
shaft lining could be effectively eliminated.

1. Introduction

Since 1987, more than 200 shafts have been damaged in
Huang-Huai and Northeast China, severely threatening the
safety of mine production and causing major economic
losses. At present, the repair of damaged shaft linings has
become an important part of mine construction engineering
[1–5]. *e problem of water inrush has always been a major
problem in the repair work of damaged shaft linings in
water-rich areas. *e artificial layer freezing method can
form a frozen wall with a certain strength and good sealing
performance by allowing constant heat exchange between
the low-temperature refrigerant in the freezing pipes and the
surrounding soil, which can provide a stable construction
environment for the repair work of the shaft wall [6–12]. To
reduce the impact of the frost heave on the existing intact

shaft lining, local differential freezing technology is required,
depending on the different degrees of damage of the shaft
lining in different strata.

In the study of the local differential freezing technology,
Liu proposed a differential temperature optimization
freezing scheme and developed a single-tube dual-cycle
freezer to improve the freezing efficiency of local complex
formations [13]. Shi used low-temperature liquid nitrogen to
reinforce and freeze the partially unfrozen area, which solved
the problem of brine being unable to form a closed frozen
wall under complex formation conditions [14]. Wang
proposed a protective measure to attach a thermal insulation
board to the sidewall of the foundation pit to control the
frost heave of the soil to solve the local soil frost heaving
caused by the external low temperature, which provided a
reference for similar projects [15]. In summary, there have
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been few research results on the local differential freezing
technology, and this technology has not been successfully
applied for the repair of damaged shaft linings.

In this paper, the local differential freezing technology
will be systematically studied for applications in the repair
process of auxiliary shafts in the Banji coal mine. *e results
will provide a reference for the further promotion and use of
this technology.

2. Project Background

On April 18, 2009, a water inrush accident occurred in the
auxiliary shaft of the Banji coal mine. Initially, small holes
appeared in the shaft lining, and water and sand emerged
from the holes with a flow rate of about 7m3/h. Subse-
quently, the impact of water and sand increased the pore
sizes, and the flow rate of water rapidly increased to
18,700m3/h. After the water inrush from the auxiliary well,
a large amount of muddy sand entered the mine, and the
lithology of the formation was greatly damaged and caused
surface subsidence. *e settling of the formation further
caused the shaft lining to withstand additional vertical
forces, which caused it to become more severely damaged
and tilted. *e failure mode of the auxiliary shaft was
mainly characterized by cracks in the upper and lower
positions of the joint flange, peeling of the inner surface,
and longitudinal deflection of the shaft lining, as shown in
Figure 1.

After the investigation of the accident, it was believed
that the direct cause of the water inrush accident was that
the overburden was affected by repeated disturbances,
which caused the shaft lining to be pulled and ruptured and
induced the flow of water in the fourth aquifer into the shaft
lining. *rough research and analysis, the following inte-
grated treatment plan was determined for the auxiliary
shaft of the Banji coal mine: first, the ground should be
drilled to investigate the disturbance of the stratum, after
which the ground should be filled with pregrouting to
reinforce the stratum. *e freezing method should sub-
sequently be used to form a shaft lining drainage repair
protection curtain. Finally, a new shaft lining should be
installed inside the old shaft lining for repair and
reinforcement.

Combined with the distribution of the stratum and the
damage of the shaft lining, it was judged that the water outlet
point should be located below the third aquifer in the topsoil
of the bedrock weathering zone, but the specific location and
the extent of the shaft lining damage were not clear.

Because the damage area of the shaft lining was so large
and the location of water inrush was unclear, before
repairing the damaged shaft lining, firstly, the surrounding
of the shaft lining must be sealed by the artificial ground
freezing method. In this project, the frozen wall should meet
the following requirements:

(1) To meet the water seal requirements, a complete
frozen wall should be formed around the shaft lining
within the depth range from the ground to the
bottom of the broken weathering zone.

(2) *e shaft lining at the lower level was severely
damaged, so the frozen wall of this level should have
a certain thickness and strength in addition to
meeting the water seal requirements.

(3) During the freezing process, the adverse effects of
low temperature on the undamaged concrete wall of
the upper level should be avoided.

*erefore, to reduce the adverse influence of the low
temperature on the undestroyed reinforced concrete shaft
lining located in the upper soil layer and ensure that the
repair work of the damaged shaft lining located in the lower
soil layer is carried out safely, the upper stratum must be
partially frozen and the lower stratum must be fully deep
frozen. *e frozen wall should have a certain strength and
thickness, and the freezing depth should pass through the
bedrock weathering zone into the stable impervious bed-
rock. It was finally determined that the freezing depth of the
outer and inner rows of the holes should be 673 and 660m,
respectively, and the local differential freezing technology
was adopted for the inner holes for depths above − 380m, as
shown in Figure 1.

*e notations in Figure 1 represent the following: (I)
*ere is no deflection in the shaft lining above − 315m; (II)
the deflection of the shaft lining to the south is increased
from 46 to 118mm in the stratum of − 315∼422m; (III) the
deflection of the shaft lining to the south is increased from
79 to 201mm in the stratum of − 422∼450m; (IV) the trend
of the deflection to southward of the shaft lining in the
stratum of − 450 to − 520.5m is further increased, and the
deflection size is 178∼1154mm; (V) the trend of the de-
flection to southward of the shaft lining in the stratum of
− 520.5 to − 540.75m is decreased from 1154mm to
782mm; and (VI) the water outlet is located in the
stratum of − 540.75 to − 580.9m. (1-1)∼(1-4) are the aquifer,
(2-1)∼(2-3) are the aquifuge, and (3) is the bedrock section.
A is the limited freezing part of the freezing pipe, and B is
the efficient freezing part of the freezing pipe.

3. Design of Freezing Scheme

3.1. Arrangement of Freezing Holes. According to the for-
mula for the thickness of the frozen wall [16, 17] and the
actual engineering geological distribution, the thickness of
the frozen wall was determined to be 5.0m. To shorten the
intersection time of the frozen column formed by adjacent
freezing pipes and increase the strength of the entire frozen
wall, a double-row hole arrangement scheme was adopted.
*e specific arrangement parameters of the freezing holes
are listed in Table 1.

In the freezing process, to monitor the development of
the frozen wall, it was necessary to arrange temperature-
measuring holes and the hydrological holes at different
positions within the development range of the frozen wall.
To ensure the overall effect of the freezing, the number of
open holes should not be too large. *us, seven tem-
perature-measuring holes (C1–7) and four hydrological
holes (S1–4) were used in this project, as shown in
Figure 2.

2 Advances in Civil Engineering



3.2. Research and Development of the Local Differential
Freezing Pipe. A local differential freezing pipe was devel-
oped for the special freezing conditions around the existing
shaft lining. *e local differential freezing pipe consisted of
an efficient freezing part, a limited freezing part, a partition,

an inlet pipe, and a liquid return pipe, as shown in Figure 3.
*e efficient freezing part was a Ø159× 7mm low-carbon
seamless steel pipe. *e diameter of the limited freezing part
was larger than that of the efficient freezing part, thereby
ensuring that the outer pipe wall and the liquid return pipe
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Figure 1: Schematic diagram of stratigraphic distribution and shaft lining damage.
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were kept at a certain distance and the heat was prevented
from diffusing directly to the ground through the outer pipe
wall (in this project, the space between the limited freezing
part and the liquid return pipe was filled with air. However,
if it is necessary to further limit the freezing capacity of the
limited freezing part, a certain amount of filler with low
thermal conductivity can be filled inside it without changing
the structure of the freezing pipe). *erefore, the limited
freezing part was a Ø168× 6mm low-carbon seamless steel
pipe. *e efficient and limited freezing parts were connected
by welding to form a single component. *e inlet and liquid
return pipes were used for conveying the low-temperature
refrigerant. To prevent the loss of cooling capacity, a
polyethylene plastic hose with a high temperature resistance
and high flexibility at low temperatures was selected, and the

diameter of the inlet and liquid return pipes was 70mm.*e
partition was used to prevent the low-temperature refrig-
erant from entering the limited freezing part, thereby en-
suring that the low-temperature refrigerant flowed back to
the freezing station through the liquid return pipe. *e
partition was made of polyvinyl chloride with a high tem-
perature resistance, and the interface between the partition
and the limited freezing part, inlet pipe, and liquid return
pipe was bonded by epoxy resin.

*e principle of the local differential freezing technology
was as follows: the low-temperature refrigerant was trans-
ported to the bottom of the freezer through the inlet pipe and
recirculated through the efficient freezing part, and the low-
temperature refrigerant exchanged heat with the sur-
rounding soil through the metal pipe wall to freeze the
surrounding soil layer. When the low-temperature refrig-
erant flowed to the position of partition, the low-temper-
ature refrigerant could only flow back to the freezing station
through the liquid return pipe due to the barrier function of
the partition, thereby preventing the low-temperature re-
frigerant from directly contacting the metal pipe wall of the
freezing pipe. *erefore, the cooling capacity of the limited
freezing part was much lower than that of the efficient
freezing part, achieving differential freezing of different
horizons.

A field test of the refrigeration effect of the local dif-
ferential freezing pipe was carried out. *e test results
(Figure 3) showed that the minimum temperature of the
efficient freezing part could reach − 28.6°C when the low-
temperature refrigerant at − 30°C was circulated in the
freezing pipe, while the minimum temperature of the limited
freezing part could only reach − 13.5°C.

Based on the freezing scheme, the local differential
freezing pipe was used for the inner row of holes, and the
working levels of the limited and efficient freezing parts were
0 to − 380m and − 380 to − 673m, respectively (the rela-
tionship between the various parts of the freezing pipe, the
location of the failure of the wellbore, and the formation
distribution is shown in Figure 1). Conventional freezing
pipes were used for the outer holes, which were made of
Ø159× 5mm seamless steel pipe, and the liquid supply pipe
was made of Ø75× 6 polyethylene plastic hose.

4. Numerical Simulation and Construction
Prediction of the Freezing Temperature Field

4.1. +ermal Physical Parameter Tests. *e soil layer where
the frozen wall was located was mainly fine sand, sandy clay,
calcareous clay, fine sand, medium-coarse sand, and mud-
stone. *e soil samples were drilled from the soil layer, and
the thermal physical properties of the frozen soil (− 10°C) and
unfrozen soil (10°C) were tested, as shown in Figures 4 and 5.

Table 1: Freezing hole layout parameters.

Name Diameter (m) Quantity Hole spacing (m) Depth (m) Type of freeze
Freezing hole of the outer row 19.6 42 1.465 673 Full-depth freeze
Freezing hole of the inner row 13.9 32 1.364 660 Partial-depth freeze
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Figure 2: Schematic diagram of the distribution of the freezing
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*e thermophysical parameters, such as the thermal con-
ductivity, specific heat, and freezing temperature, of each soil
layer were obtained, as shown in Table 2.

4.2. Mathematical Models and Boundary Conditions. *e
measured data from the temperature-measuring holes only
reflect the temperature development at a certain location
with time, so the analysis and prediction of the development
of the whole freezing temperature field can be realized by
means of finite element numerical simulation [18–20].

Artificial ground freezing is an unstable thermal con-
duction problem with complex boundary conditions. *e
solution of the freezing temperature field needs to consider
factors such as phase transitions, moving boundaries, and
internal heat sources [21]. Because the size of the frozen wall
in the horizontal direction is much smaller than the size in
the vertical direction, at the same time, the vertical heat
conduction is very weak during the freezing process.
*erefore, the freezing temperature field is usually simplified
into a 2D problem for solving [22]. From the theory of
thermophysics and frozen soil theory, the control differential
equation of the freezing temperature field is [23]

zTn

zt
� an

z2Tn

zr2
+
1
r

zTn

zr
 , t> 0, 0< r<∞, (1)

where Tf is the temperature at any point in the freezing
temperature field, °C; t is the freeze time, d; r is the distance
from any point in the frozen area to the center of the

wellbore; an is the thermal diffusivity, an � λn/(ρncn), m2/s;
λn, ρn, and cn are the thermal conductivity, density, and
specific heat capacity; and n indicates the state of the soil.
n� 1 and n� 2 indicate unfrozen soil and frozen soil,
respectively.

Before freezing started, the initial condition for for-
mation temperature is

T t�0
 � T0, (2)

where T0 is the initial temperature of the soil layer, °C.
During the freezing process, the boundary between the

freezing pipe wall and the surrounding soil layer met the
Dirichlet boundary condition. *e expression of the
boundary condition is

Tp � Tc(t), (3)

where Tc(t) depends on the temperature of the low-tem-
perature refrigerant in the freezing pipe, °C.

*e boundary at infinity from the frozen area satisfied
the Dirichlet boundary condition. *e expression of the
boundary condition is

T (r�∞)

 � T0. (4)

*e freezing front was the boundary between the frozen
wall and the surrounding unfrozen soil. It continuously
moved outward as the freezing time increased.*e boundary
condition at the frozen front is expressed as

T (r�ξ)

 � Tf, (5)

where ξ is the distance between the freezing front and the
center of the wellbore and Tf is the freezing temperature of
the soil layer.

4.3. Reliability of NumericalModels. According to the actual
position of the freezing holes and the temperature-mea-
suring holes of the soil layer with a depth of − 400m, the
numerical calculation model of the freezing temperature
field was established by the finite element software COMSOL
Multiphysics, as shown in Figure 6.

*e test data of the temperature-measuring hole in the
initial stage of freezing was compared with the numerical
result, and the comparison is shown in Figures 7(a)–7(c).

It can be seen from Figures 7(a)–7(c) that the measured
data of the temperature-measuring hole agreed well with the
numerical results. *erefore, it is reasonable to predict the
development of the freezing temperature field of each layer
using numerical simulations.

4.4. Evaluation of the Effect of the Local Differential Freezing
Technology. In the freezing scheme, the inner freezing holes
used the local differential freezing technology at levels above
− 380m. *us, the soil layer of the − 300m horizon was
selected as the research object, and the development of the
freezing temperature field was compared and analyzed based
on the numerical simulations of this layer before and after
the local differential freezing technique was adopted, as
shown in Figure 8.
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Temperature data
acquisition system

Temperature curve of
soil sample

Figure 4: Test of freezing temperature of soil samples.

Figure 5: Test of thermal conductivity of soil samples.
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After adopting the local differential freezing technology,
the freezing rate of the inner row freezing hole was sig-
nificantly reduced. When the freezing time reached 120 d,
the frozen wall completed the intersection. *e frozen wall
formed by the conventional freezing method developed to
the outer edge position of the shaft lining, while there was
still a certain distance between the frozen wall formed by the
local differential freezing technique and the shaft lining. *e
average temperature of the frozen wall formed by the
conventional method was significantly lower than that of the
former one.

*e predicted temperatures at the measuring points in
different regions are shown in Figure 9. *e C5 measuring
point was located in the middle position between the inner
arrangement circle of the freezing pipes and the excavation
boundary. *e temperature of this measurement point is
important for judging the development range of the freezing
temperature field to the inside. As shown in Figure 9(a), the
temperature drop rate of the measurement point was fast for

the conventional freezing technique. When the freezing time
reached 68 d, the temperature of the measurement point
reached 0°C, and when the freezing time reached 200 d, the
temperature of the measurement point reached − 20.5°C.
After adopting the local differential freezing technique, the
lowest temperature that could be reached by the inner row of
freezing holes increased to − 13.5°C, so the temperature drop
rate of the C5 measurement point decreased. When the
freezing time reached 100 d, the temperature of the mea-
surement point reached 0°C. When the freezing time was
200 d, the temperature of the measurement point reached
− 6°C. *e C2 measurement point was located in the middle
position of the inner and outer circles of the freezing pipes.
*e temperature variation of this measurement point was an
important basis for judging the intersection of the freezing
wall. As shown in Figure 9(b), when the freezing time
reached 85 d, the latent heat release stage ended and the
second temperature drop stage began at the measurement
point. In other words, the closure time of the frozen wall
formed by the freezing pipes of the inner and outer rings was
85 d. After the local differential freezing technique was
adopted, this time extended to 95 d. Since the distribution of
the freezing holes was not uniform, the final closure time of
the frozen wall was determined by the maximum spacing
within the entire arrangement of the freezing pipes. When
the freezing time reached 200 d, the temperatures of the
measurement point were − 25.8 and − 19.5°C for the con-
ventional freezing technique and the local differential
freezing technique. During the artificial ground freezing
construction, unfrozen water constantly migrated to the
freezing front. Under the combined action of the inner pipes
and the outer pipes, a large amount of unfrozen water was
collected in the area between the two freezing fronts, which
led to a gradual increase in unfrozen water content in this
area. During the intersection of the frozen wall formed by
the inner pipes and the outer pipes, the unfrozen water
between the two freezing fronts would release a large
amount of latent heat. It took a long time for the freezing
pipes to absorb this part of heat; therefore, the temperature
in this region would remain stable at 0°C until the end of
phase transition latent heat release. Because the C2 mea-
surement point was located in the middle area between the
freezing pipes of the inner ring and outer ring, there was an

Freezing
hole

40m

Sha�
lining

19.6m
13.9m

9.3m

Soil
layer

Temperature-
measuring

hole

Figure 6: Numerical model for the freezing temperature field of the
soil layer with a − 400m horizon.

Table 2: *ermophysical parameters of soil layers at various horizons.

Depth Soil quality Status Density
(kg·m3)

*ermal conductivity
(J·(ms·°C)− 1)

Specific heat capacity
(kJ·(kg·°C)− 1)

Freezing
temperature (°C)

Latent heat
(kJ·kg− 1)

− 100m Fine sand Unfrozen 1935 1.463 1.455
− 1.14 44.0Frozen 1.784 1.242

− 200m Sandy clay Unfrozen 1958 1.415 1.506
− 2.10 48.5Frozen 1.705 1.325

− 300m Calcium clay Unfrozen 1949 1.398 1.517
− 2.32 50.5Frozen 1.635 1.362

− 400m Fine silty sand Unfrozen 2024 1.475 1.372
− 1.10 44.0Frozen 1.815 1.071

− 500m Medium-
coarse sand

Unfrozen 2055 1.466 1.402
− 1.41 44.5Frozen 1.796 1.175

− 600m Mudstone Unfrozen 2150 1.522 1.257
− 2.43 45.5Frozen 1.857 1.053
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obvious phase transition phase in the temperature curve of
the measurement point. *e C1 measurement point was
located at the outer edge of the frozen wall. *e temperature
development at this measurement point was important for
judging whether the frozen wall reached the design thick-
ness. As shown in Figure 9(c), under the action of two
freezing modes, there was no obvious difference in the
temperature development at the measurement point. After
the continuous freezing time reached 130 d, both temper-
ature curves developed below the freezing point of the layer
soil.

After adopting the local differential freezing technique,
the temperature drop rate of the frozen area decreased. *e
temperature drop rate of the area between the inner circle of
the freezing holes and the shaft lining significantly de-
creased, while the temperature development law in the area

outside the freezing pipe arrangement circle was not sig-
nificantly affected. *is shows that the main effect of the
local differential freezing technique on the entire freezing
temperature field was to limit the excessive expansion of the
freezing wall in the direction toward the shaft lining.

*e variations of the thickness of the frozen wall formed
by the conventional freezing technique and the local dif-
ferential freezing technique with time are shown in Fig-
ure 10. After 95 d of continuous freezing by the conventional
freezing method, the frozen wall reached the design thick-
ness of 5m. After 200 d, the thickness of the frozen wall
reached 6.6m. After adopting the local differential freezing
technique, the expansion speed of the frozen wall was sig-
nificantly reduced. When continuously frozen for 130 d, the
frozen wall reached a design thickness of 5m, and for 200 d,
the thickness of the frozen wall reached 5.6m. Analysis of the

Field measurement result
Numerical simulation result

0

5

10

15

20

25

30

Te
m

pe
ra

tu
re

 (°
C)

10 20 30 40 50 600
Time (d)

(a)

10 20 30 40 50 600
Time (d)

0

5

10

15

20

25

30

Te
m

pe
ra

tu
re

 (°
C)

Field measurement result
Numerical simulation result

(b)

Field measurement result
Numerical simulation result

–5

0

5

10

15

20

25

30

Te
m

pe
ra

tu
re

 (°
C)

10 20 30 40 50 600
Time (d)

(c)

Figure 7: Comparison of simulated andmeasured results of (a) C1 temperature-measuring holes, (b) C2 temperature-measuring holes, and
(c) C3 temperature-measuring holes.
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variation of the distance between the frozen wall and the shaft
lining showed that when the freezing time reached 100 d, the
distances between the shaft lining and the frozen wall formed
by the conventional freezing method and the local differential
freezing method were 0.44 and 1.1m, respectively. When the
freezing time reached 160 d, the distances between the frozen
wall and the well wall formed by the two freezing methods
were 0 and 0.22m, respectively. After adopting the local
differential freezing technique, the extent of the expansion of
the frozen wall to the inside was effectively limited, which
ensured the safety of the existing shaft lining.

*e temperature variation of the outer edge of the shaft
wall with different orientations at the − 300m horizon was
predicted, as shown in Figure 11. At the same freezing time,
after adopting the local differential freezing technique, the
temperature of the outer edge of the shaft lining was sig-
nificantly higher than that of the conventional freezing
technique. Referring to Figures 10 and 11, it can be seen that
when the freezing time reached 170 d, the thickness of the
frozen wall reached the design requirement. *us, the
condition for draining the shaft lining was obtained. At this
time, the minimum temperatures of the shaft lining under
the normal freezing mode and the local differential freezing
mode were − 13.5 and − 2.4°C, respectively.

After adopting the local differential freezing technique,
the thickness of the inward expansion of the frozen wall
formed by the inner row of freezing holes was effectively
limited, which reduced the crushing damage caused by the
frost heaving of the surrounding soil on the shaft lining, but
the closure time of the frozen wall did not increase signif-
icantly, and the thickness of the frozen wall still met the
design requirements.

4.5. Prediction and Analysis of the Development of Frozen
Walls in Different Layers. *e distribution of the frozen
temperature field of each layer was predicted, as shown in
Figure 12. Since the thermal and physical properties of the
soil vary in each layer, the cooling efficiency and actual
position of the freezing holes were different, and there were
differences in the development of frozen walls corre-
sponding to the same freezing time. *e expansion speed of
the frozen wall of the local differential freezing layer (above
− 380m) was significantly lower than that of the conven-
tional frozen layer (− 380 to − 673m).When the freezing time
reached 120 d, the frozen walls of each layer completed the
intersection, but the thickness of the frozen wall of the local
differential freezing layer was significantly smaller than that
of the conventional freezing layer.

In Figure 13, the − 400m layer was located in the con-
ventional freezing section, and this layer was composed of
fine sand, which has a good freezing ability, and the freezing
holes of the layer were slightly skewed.*us, the closure time
and the time to reach the design thickness of the frozen wall
of this layer were earlier than those of the other layers. *e
deviation between the actual position and the design posi-
tion of the freezing holes increased with the depth of the soil
through which they pass increased. *us, the closure time
and the time to reach the design thickness of the frozen wall
of the − 500 and − 600m layers also increased. In the local
differential freezing horizon, the development speed of the
frozen wall was lower than that of the conventional frozen
layer because the cooling capacity of the inner row of
freezing holes was limited. *e latest closure time and the
latest time to reach the design thickness of the frozen wall
were 120 and 143 d for the local differential freezing horizon,
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Figure 8: Comparison of the development law of the freezing temperature field before and after adopting the local differential freezing
technique.
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respectively, while they were 106 and 112 d for the con-
ventional freezing layer, respectively. Some time is required
for the frozen wall to reach the design thickness after the
completion of the intersection.*e interval between the time
for the frozen wall of the local differential freezing horizon to
reach the design thickness and complete closure was greater
than that for the frozen wall of the conventional frozen
horizon.

Based on the predicted development of the frozen wall of
each layer, the time for all the frozen walls to reach the
design thickness is 143 d, after which the duty of the partial
freezing unit can be reduced and the maintenance freezing
phase can be entered.

4.6. Analysis of Field Measured Data of Frozen Temperature
Field. *e field measurement data of the temperature-

measuring holes (C4 and C5) located between the freezing
holes of the inner ring and the shaft lining are shown in
Figure 14. Analysis of the variation of the temperature along
the depth direction showed that, since the local differential
freezing technique was used for inner row freezing holes, the
freezing temperature near the freezing control interface
(− 380m) abruptly changed. *e temperature of the stratum
above − 380m was about 5°C higher than the temperature of
the stratum below − 380m, which effectively limited the
adverse effects of the frost heave on the shaft lining without
damage above − 380m.*us, the implementation of the local
differential freezing technology was successful.

As of November 26, 2011 (continuous freezing for
153 d), the numerical simulation results showed that the
thickness and average temperature of the frozen wall of each
layer met the requirements of the drainage test. *erefore,
the first-stage drainage test in the auxiliary shaft began on
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Figure 9: Variation of temperature in different regions for the conventional freezing method and local differential freezing technology (the
minimum temperature of the efficient freezing and limited freezing parts of the local differential freezing pipe was − 28.6 and − 13.5°C,
respectively). (a) Temperature curve at the measurement point C5. (b) Temperature curve at the measurement point C2. (c) Temperature
curve at the measurement point C1.
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this day. As shown in Figure 14, during the drainage test
period, the temperature drops of the temperature-measuring
holes before and after the drainage test were basically the
same, which indicated that the frozen wall was intact and
had no window.

Combined with Figure 15, the water level variations of
the hydrological holes were analyzed. After the drainage test
of the auxiliary well, the water level dropped from − 25 to
− 74m. After the end of the drainage test, the water level was
stable at − 74m, indicating that the frozen wall had good
water-sealing properties and conditions to allow for further
drainage. On December 16, 2011 (freezing for 173 d), the
observation period ended and the official drainage began.
*e water level at this stage decreased uniformly with the
increase in drainage time. On February 6, 2012 (freezing for
225 d), it had been drained to the silt surface. During the

entire drainage process, the water level was uniformly re-
duced, and there was no water level rise phenomenon, in-
dicating that the frozen wall reached the design
requirements. *is indicated that the local differential
freezing technique achieved good results.

4.7.Analysis of FactorsAffecting theLocalDifferentialFreezing
Technology. *e local differential freezing technique was
successfully applied in the repair process of the damaged
shaft lining in the auxiliary well of the Banji mine. *is
technology effectively blocked the water source of the water
inrush. Meanwhile, the undamaged shaft lining was pro-
tected from the frost heaving pressure caused by the ex-
cessive expansion of the frozen wall.

*e minimum temperature of the efficient freezing and
limited freezing parts of the local differential freezing pipe
used in this freezing construction could reach − 28.6 and
− 13.5°C, respectively, due to the low-temperature refrigerant
at − 30°C. Analysis of the development of the actual frozen
wall showed that the ability of the limited freezing part of the
local differential freezer to limit heat transfer was a key factor
affecting the final freezing effect. To conduct a compre-
hensive study on the influencing factors, based on the actual
distribution of the frozen holes in the − 300m layer, the
development of the frozen wall was predicted by numerical
calculations. In these calculations, the temperature of the
freezing holes in the outer row were kept constant, and the
temperature of the limited freezing section of the inner row
of freezing pipes continuously changed (the temperature of
the limited freezing section should be higher than that of the
conventional freezing section (− 28.6°C)). *e prediction
results are shown in Figures 16 and 17.

As shown in Figure 16(a), the duration of the latent heat
release phase in the temperature change curve of the C2
measurement point was gradually shortened as the tem-
perature of the limited freezing section decreased, which
means that lowering the minimum temperature that can be
achieved in this part can shorten the closure time of the
frozen wall formed by the freezing holes of the inner and
outer rings.

As shown in Figure 16(b), since the outer edge of the
shaft lining was closer to the freezing holes of the inner ring,
the change in the temperature of the local differential
freezing device had a significant influence on the shaft lining.
When the temperature of the limited freezing section was
controlled to − 5°C, the temperature of the shaft lining would
reach − 0.5°C after continuous freezing for 200 d. When the
temperature of the limited freezing section was controlled to
− 25°C, the temperature of the shaft lining would reach
− 5.1°C after continuous freezing for 200 d. Since the strength
of the concrete shaft wall at a low temperature was greatly
reduced, a lower temperature of the limited freezing part
corresponded to a greater threat to the stability of the shaft.

In the numerical simulation, to restore the refrigeration
conditions in the field, the temperature of the refrigerant was
controlled to gradually decrease with time. In the early stage
of freezing, the temperature difference of the limited freezing
section was small, and the frozen area was affected by the
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Figure 10: Comparison of the development of the frozen wall
before and after adopting the local differential freezing technique.
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freezing holes of the inner and outer rings. *erefore, the
difference in the temperature curve of the previous stage of
each measurement point was small. In the late stage of
freezing, the limited freezing parts of freezing pipes in the
inner row gradually reached the design value of the re-
spective lowest temperature, so the difference in the

temperature change curves of the measurement points
under different conditions gradually manifested.

As shown in Figure 17, when the temperature of the
limited freezing part of the pipe was − 10°C, the time required
for the intersection and the time to reach the design
thickness of the frozen wall were 124 and 133 d, respectively,
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Figure 12: Development law of the freezing temperature field in different layers.
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and the thickness of the unfrozen soil between the frozen
wall and the shaft lining was 1.3m.When the temperature of
the limited freezing part of the pipe was − 20°C, the time
required for the intersection and the time to reach the design
thickness of the frozen wall were 102 and 114 d, respectively,
and the thickness of the unfrozen soil between the frozen
wall and the shaft lining was 0.5m.When the temperature of
the limited freezing part of the pipe was − 30°C, the time
required for the intersection and the time to reach the design
thickness of the frozen wall were 92 and 106 d, respectively,
and the thickness of the unfrozen soil between the frozen
wall and the shaft lining was 0.1m.

*e time required for the intersection and the time to
reach the design thickness of the frozen wall increased

with the increase in the heat preservation capacity of the
limited freezing part; that is, a higher minimum tem-
perature in this part corresponded to a slower develop-
ment speed of the frozen wall. *e thickness of the
unfrozen soil between the frozen wall and the well wall
decreased as the insulation effect of the controlled freezing
section decreased.

*erefore, to ensure that the frozen wall reached the
design thickness as early as possible, and to ensure a
certain safe distance between the frozen wall and the shaft
lining, it is necessary to limit the temperature of the
limited freezing part to a certain range, and the tem-
perature range was determined to be from − 15 to − 10°C in
this study.
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5. Conclusions and Recommendations

(1) Aiming at the problem of damage and water inrush
in the auxiliary shaft of the coal mine, a pre-re-
mediation scheme for differential freezing along
the depth direction was proposed. *e outer ring
holes were fully frozen, and the inner ring holes
only partially froze the severely damaged layer.
Based on the needs of the project, the local dif-
ferential freezing pipe capable of controlling the
freezing temperature of different horizons was
developed.

(2) Based on the finite element software COMSOL
Multiphysics, the development of the freezing
temperature field was predicted and calculated.
*e calculation results showed that, after the local
differential freezing technique was adopted, the
inward expansion range of the frozen wall formed
by the freezing holes in the inner row was effec-
tively limited. However, the closure time of the
frozen wall did not increase significantly, and the
thickness of the frozen wall still met the design
requirements.

(3) *e on-site monitoring data showed that the overall
temperature of the local differential freezing horizon
was about 5°C higher than that of the conventional
freezing horizon. During the drainage of the shaft
and the construction of the new shaft lining, the
thickness and average temperature of the frozen wall
remained stable, indicating that the implementation
of the local differential freezing technique achieved
the expected results.

(4) *e ability of the limited freezing part of the local
differential freezer to limit heat transfer was a key
factor affecting the final freezing effect. To ensure
that the frozen wall reached the design thickness as
early as possible and to ensure a certain safe dis-
tance between the frozen wall and the shaft lining,
it is necessary to limit the temperature of the
limited freezing part to a certain range, and the
temperature range was determined to be − 15 to
− 10°C.
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