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Abstract: Artificial ground freezing (AGF) is a widely used method in coastal tunnel construction
and reinforcement. With more and more underground construction in coastal areas, clay–sand
combined formation, which is common in coastal areas, brings more challenges to AGF. In this
paper, the frost–thaw characteristics of soft clay during AFG under the construction of combined
formation seepage were studied by model test. It was found that the shape of the freezing curtain
changed under the condition of seepage, and the water content of the upper soft soil layer decreased
markedly after settlement. Subsequently the micro characteristics of melted soil by CT were also
conducted for further mechanism analysis, and it was indicated that the distribution of CT number
had obvious segmentation characteristics along the height. Finally, the 3D structure of melted clay was
reconstructed, and a method was proposed to calculate freeze–thaw settlement through CT numbers.

Keywords: AGF; combined formation seepage; freeze–thaw settlement; CT numbers

1. Introduction

Artificial ground freezing (AGF) is widely used in urban rail transit construction. How-
ever, there are many problems in the use of AGF, such as uneven ground settlement, tunnel
segment leakage, and so on. Sand clay combination strata are common in China’s coastal
areas, and the seepage in the sand layer aggravates the uncertainty of the problems above.

Sudisman [1] found that the existence of seepage delays the closure of freezing curtain.
Xiao et al. [2] obtained that the symmetry of frozen walls decreased, and the formation
time of the frozen wall increased under the condition of seepage from model test. Wang
et al. [3] also reached a similar conclusion through model test. Jian et al. [4] used COMSOL
to simulate the formation process of freezing wall under different seepage velocities and
found that the freezing temperature field inhomogeneity increases as the initial stratum
seepage velocity increases. The maximum thickness of the downstream frozen wall initially
increases and then decreases. However, the average thickness of the frozen wall linearly
decreases, and when the seepage velocity is greater than 7 m/d, the frozen wall can hardly
be formed. Some scholars put forward the concept of critical seepage velocity; that is, when
the seepage velocity is greater than this threshold, the frozen curtain does not close. M. Vitel
et al. [5] proposed that when the seepage velocity is greater than 2 m/d, the stratum is
difficult to be frozen according to their coupled thermo-hydraulic model. Su et al. [6] draw
the conclusion that the frozen curtain does not close with seepage velocity up to 2.5 m/d
by model test and Bakholdin’s analytic solution of temperature field. Seepage also affects
the formed frozen curtain. In sudden seepage, Song et al. [7] found that when the seepage
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velocity was 0–30 m/d, it caused obvious damage to the upper reaches of the frozen curtain,
while the wall was strengthened in the middle and lower reaches to a small extent, but
when the flow velocity was more than 30 m/d, the frozen curtain was completely damaged.
Reasonable arrangement of freezing pipes increases the critical seepage velocity to adapt to
more complex situations. After encrypting the freezing pipes in the range of 120 degrees
upstream of the outer ring of the double-loop pipes, Dong et al. [8] shortened the freezing
time and increased the thickness of frozen curtain. Liu et al. [9] found that when the freezing
pipe layout coincides with the seepage direction, reducing the freezing pipe spacing cannot
shorten the freezing time. Coolant properties are also important influencing factors. When
the cooling medium is brine, the critical seepage velocity is 1–2 m/d [10]. AGF using liquid
nitrogen as refrigeration circulating liquid can be applied when the seepage velocity is
20 m/d and 50 m/d [11].

As a non-destructive testing technology, computed tomography (CT) has been widely
used in geotechnical field in recent years [12]. The change of micro-structure in different
parts of soil can be measured by the statistical characteristics of CT number [13]. Konrad
studied the ice thickness and spacing of different soil in different freezing time through
X-ray test [14]. The ice thickness and spacing in frozen soil increase with the decrease
of temperature, and the ice thickness and spacing of different types of soil are different.
Zhang Shijian [15] reflected the damage of rock through CT image and CT number, studied
the relationship between strength change and damage expansion of mudstone and water
supply and loading and unloading process, and put forward the concept of damage
rate. CT scanning can reduce the extraction of pore data by artificial intervention. Based
on genetic algorithm, Liu et al. [16] determined the gray-level threshold of CT image
segmentation and achieved the recognition of water, ice, and rock, which assured the digital
expression of water and ice content. Lang et al. [17] used a median filtering algorithm
to remove the noise of CT image and made it better reflect the complex pore structure in
the rocks. More accurate and intuitive data can be obtained by improving the spatial and
temporal resolution of CT images, improving image processing software and developing
new image reconstruction algorithms [18]. Sun [19], using Avizo, an advanced three-
dimensional visualization image processing software application, reconstructed the core
by scanning method and made it digitalized and visualized. The reconstructed core
mode can show the pore size, pore throat size and connection mode more intuitively, and
at the same time, it can get the quantitative distribution state of porosity ratio, matrix
skeleton structure ratio and other data. Luo et al. [20] quantified the three-dimensional pore
network in soil column by using the improved method through Avizo version 5 software,
including the continuous change of pore network along depth, macropore size distribution,
network density, surface area, length density, length distribution, average hydraulic radius,
curvature, inclination (angle), and connectivity (path number and node density). On this
basis, Luo et al. [21] found that large porosity, path number, hydraulic radius, and large
pore angle are the best predictors of hydraulic parameters of silty sand.

When the construction process of AGF is applied in the clay layer, the boundary con-
ditions (such as temperature boundary and water replenishment condition) with seepage
are more complex than the case where there is no seepage. In order to explore the response
characteristics of soft clay in AGF construction under the presence of seepage, a model test
was designed to obtains the micro characteristics of frozen and thawed soil by CT, and puts
forward a settlement calculation method based on CT in this paper.

2. The Model Test Program
2.1. Engineering Background

The AGF project chosen was applied in the cross passage in the Satellite Hall of
Pudong Airport. (Figure 1. Left) Freezing pipe crossed the sandy silt layer and mucky clay
layer. The top row of freezing pipes was selected as the research object (Figure 1. Right).
Table 1 shows the site construction parameters after generalization.
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Figure 1. Prototype location and working condition.

Table 1. Simplified site construction parameters.

Prototype Parameters Value

Buried depth of freezing pipe 8.8 m
Frozen curtain thickness 1.7 m

Freezing pipe length 7.3 m
Freezing pipe spacing 0.9 m

Number of freezing pipe 36
Total flow of freezing pipe 200 m3/h

Single pipe flow of freezing pipe 5.56 m3/h
Outer diameter of freezing pipe 89 mm
Wall thickness of freezing pipe 8 mm

Average brine temperature −29 ◦C
Average temperature of frozen soil −10 ◦C

The layer of mucky clay is widely distributed in Shanghai, which is crossed by many
underground projects. Mucky clay has the characteristics of high-water content, low
strength, and sensitivity to frost heave and thaw settlement, so it is an unfavorable layer
which should be emphasized. When designing the model test, considering the most
unfavorable factors, the freezing pipes were placed in the mucky clay. The basic physical
and mechanical properties of mucky clay are shown in Table 2.

Table 2. The basic physical and mechanical properties of mucky clay.

Engineering Index Mucky Clay

Water content, W(%) 48.1
Natural bulk density, γ(kN/m3) 16.9

Specific gravity, Gs 2.75
Void ratio, e 1.363

Saturation, Sr(%) 97
Liquid limit, WL(%) 43.9
Plastic limit, Wp(%) 23.1

Vertical permeability, K(cm/s) 2.19 × 10−7

2.2. Model Test Design

The selection of model similarity ratio is very important in model test. Considering
the actual conditions in the laboratory and the accuracy of the model test, the geometrical
ratio of this model test chosen was CL = 10. According to the above generalized prototype
construction model and the selected geometric similarity constants, the similarity ratio of
some basic physical quantities can be obtained (Table 3).



Appl. Sci. 2022, 12, 10687 4 of 14

Table 3. Similarity ratio.

Physical Parameters Dimension Similarity Constant

Geometric length, l L CL = 10
Density, ρ ML−3 Cρ = 1

Displacement, δ L Cδ = CεCL = 10
Temperature, T Θ CT = 1

Permeability coefficient, k LT−1 Ck =
CKCρCg

Cµ
= 1

Time, t T Ct = C2
L = 100

The artificial freezing model experimental system we used consists of three parts:
a refrigeration system, model test box, and acquisition system. The schematic diagram
of the experimental system is shown in Figure 2. The model test box is independently
developed, and it can control the velocity of water in the underlying layer of clay (sand
layer) at 1.2 m/d, the widespread seepage velocity in the engineering stratum of Shanghai.
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Figure 2. The schematic diagram of the whole experimental system. (1. Refrigerated circulation
pump; 2. Refrigerant inlet; 3. Refrigerated outlet; 4. Upstream flume; 5. Downstream flume;
6. Temperature sensor; 7. Earth pressure sensor; 8. Pore pressure sensor; 9. The clay; 10. Freezing
pipe; 11. Sand; 12. Refrigerant; 13. Dial indicator; 14. Acquisition instrument; 15. USB cable;
16. Information processing terminal).

2.3. Model Test Process

In the test process, we used remolded soil samples which was similar to the actual
construction situation. The mucky clay used was taken from the foundation pit at the
southeast corner of the intersection of Tiantong road and Fujian north road in Jing’an
District, Shanghai, with a depth of 12.5 m. After laying the sand layer at a thickness of
20 cm at the bottom, the freezing pipes were set up on the upper part and fill the test box
with clay. The freezing pipe is set 10 cm above the junction of sand and clay. The water
content and degree of consolidation of soil samples are similar to those of undisturbed soil
samples by remodeling and compaction.

After the preloading consolidation settlement was stable, we removed the load and
started the freeze–thaw cycle. The seepage velocity of the lower sand layer was controlled
through the inflow and outflow of water, and collected the data including settlement
moisture content and temperature change through the sensor. In order to obtain the
physical and mechanical parameters after freeze-thaw, after the test, samples were taken
in layers in the model box to measure the moisture content and dry density at different
depths. We also explored a method of taking large original soil sample in model box and
using CT to analyze the structural characteristics of undisturbed samples.

After the model test, the undisturbed soil was taken out from the model box with a
sampler and an iron cylinder, as shown in Figure 3a. The diameter of the iron bucket used
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for soil borrowing was designed 200 mm high and 127 mm wide. The bottom surface of
the undisturbed soil taken out is shown in Figure 3b. The structure of the sample bottom
surface is clear, which means this method can maintain the structure of the soil well. Four
groups of soil samples were taken, and the sampling locations are shown in Figure 4 and
Table 4. After that, the internal structures of soil samples were obtained through CT in the
Cold and Arid Regions Environmental and Engineering Research Institute, which is shown
in Figure 5.
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Table 4. Sampling location.

Number Y1 Y2 Y3 Y4

Height (mm) 5–200 5–200 110–310 290–490

3. Result and Discussion
3.1. Change of the Temperature Field in Model Test

The original data of temperature field of model test are shown in Figure 6. According
to the temperature data in the box, the temperature at each point decreases rapidly after
freezing, and the temperature near the freezing pipe decreases most rapidly. After stopping
freezing, the temperature of frozen soil increases rapidly in a short time, and there is an
interval near 0 ◦C. When the temperature rises to this interval, the temperature rise rate
slows down, which is roughly [−1.4, −0.6]. This is because in this interval, a large amount
of ice changes into water and absorbs latent heat. This interval is the main phase change
interval of the muddy clay in Shanghai.
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In order to more intuitively show the distribution of the temperature field, the cloudy
map of the freezing process is shown in Figure 7 and that of the melting process is shown
in Figure 8.

According to the temperature cloudy map in the freezing process box, it can be seen
that with the passage of freezing time, the expansion of the freezing front above the freezing
pipe becomes slower and slower.

Due to the influence of seepage, the temperature field distribution in the freezing
process is not symmetrical about the freezing pipe. At 32 h, the −10 ◦C isotherm above the
freezing pipe is 8 cm away from the freezing pipe, while the −10 ◦C isotherm below the
freezing pipe is only 5 cm away from the freezing pipe. There is strong convection under
the freezing pipe, and the freezing curtain is thinner than that above the freezing pipe.

In the freezing process of combined formation with seepage, the heat transfer can be
divided into two parts, including heat conduction in clay layer and heat convection at the
junction of the clay layer and sand layer. During the freezing process, the temperature at
the liquid inlet of the freezing pipe is 5 ◦C lower than that at the liquid outlet, which causes
the temperature of the clay layer near the liquid inlet to be lower than that at the liquid
outlet. However, the existence of seepage brings the cold energy of the upstream to the
downstream, resulting in the downstream temperature lower than that of the upstream. It
can be seen from the test data that under the seepage velocity of 1.2 m/d, the temperature
cloudy map in the box shows a “bell mouth” opening into the upstream. The upstream
temperature is lower than the downstream, which is particularly prominent at the beginning
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of freezing. This shows that when the seepage velocity is 1.2 m/d, the influence of heat
conduction in clay layer on soil temperature is greater than that of heat convection.
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Within 16 h after stopping freezing, the temperature in the area around the freezing
pipe increases, and the temperature in the freezing area is gradually uniform, but the area
with a temperature less than 0 ◦C does not shrink. During the melting process, the influence
of seepage is more obvious. As can be seen from Figure 8, seepage accelerates the melting
of the upstream freezing curtain and brings the cold energy to the downstream, delaying
the melting of the downstream.

3.2. Frost Heave, Thawing Settlement, and Change of Moisture Content in Model Test

During the test, the surface displacement is monitored, and the frost heave and thaw
settlement at different distances from the upstream box wall are shown in Figure 9.

The colored solid lines in the figure above show the surface displacement recorded by
dial indicators at different distances from the upstream box wall. The dotted line on the left
is the time when the pump is turned off, and the dotted line on the right is the time when
the soil in the box is completely melted (the temperature of any part of the model inward
is >0 ◦C).

Frost heave develops with the beginning of freezing, but after freezing stopped, the
area of the frozen area did not decrease, and water in the unfrozen area still migrated to
the frozen area and changed into ice. After the pump is shut down for about 15 h, the
surface heave reaches max, at 8 mm. Then the melting settlement increased to 40 mm,
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which was much larger than the frost heave. Combined with the cloud diagram analysis,
it can be concluded that when there is an area with temperature >0 ◦C in the frozen clay,
the settlement begins to develop rapidly. When the soil in the box is completely melted
(the temperature at each point in the box is >0 ◦C), the settlement tends to be stable in a
short time.
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The thaw settlement develops first at 11 cm and the settlement reaches stability first,
indicating that the area near the upstream melts first and completes the consolidation
first under the action of seepage. That also confirms the temperature development trend
in the temperature cloud map, the upstream melts first and gradually develops to the
downstream area.

Before and after the test, some soil samples were extracted to determine the moisture
content. The test results are shown in Figure 10.
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From the water content distribution before and after freezing and thawing, the water
content of each soil layer during filling is near the set value of 48%, mainly distributed
in the range of 45–50%, which proves that the soil quality of remolded soil is relatively
uniform. After the freeze–thaw cycle, the moisture content of the soil layer far from the
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freezing pipe changes little compared with that of the filling soil. The water content in the
frozen area is low, and the lowest water content is only 30%, indicating that a large amount
of liquid water in the frozen area is discharged in the melting stage, which is also the cause
of melting settlement. Compared with other areas within the freezing range, the water
content in the freezing pipe is higher, at 39%. The same trend was also observed in the dry
density distribution shown in Figure 11. The dry density increases in the frozen area but
decreases in the freezing pipe area.
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3.3. Relationship between CT Number and Soil Settlement

In order to obtain the 3D distribution characteristics of pores in the clay, the software
“Aviso” was used to realize the 3D reconstruction of CT image. In order to reduce the error,
we selected the region in the red ring as the basis of soil structure remodeling in every CT
image, as in Figure 12. The 3D reconstruction results are shown in Figure 13.
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As can be seen from Figure 14, the distribution of CT numbers along the height can be
divided into three areas:
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1© The average value of CT number in 0–125 mm area is higher than other areas, the
CT number near the freezing front is the largest, and the soil is the densest. There is a linear
relationship between CT number CT (H) and height h:

CT(H) = 0.341 × h + 1199.9 (1)

2© In the 125–150 mm section, the CT number decreases rapidly with the increase of
height. After melting, the final position of the freezing front is 150 mm from the centerline
of the freezing pipe. The water in the unfrozen area above the freezing front migrates to
the freezing area below the freezing front. The water in the freezing area is continuously
enriched during freezing, and the clay drainage consolidation in the melting stage. The
relationship between CT number CT (H) and height h in this section is as follows:

CT(H) = −6.1318 × h + 2010.6 (2)

3© In the 150–485 mm section, the CT number in this section decreases slowly with
the increase of height. During the freezing process, the moisture in the unfrozen area near
the front decreases continuously, the soil loses water and compresses, and the soil layer
becomes dense. The CT number in this interval is negatively correlated with the distance
from the freezing front:

CT(H) = −0.261 × h + 1125.8 (3)

Actually, the CT number reflects the density of the object. The CT numbers collected
from each layer were connect with the dry density and obtained the fitting curve shown in
Figure 15.

It can be seen from Figure 15 that there is a good linear relationship between CT
number and dry density:

ρdry = 0.0012CT(H)− 0.0341 (4)

In the above formula, the correlation coefficient R2 = 0.9483, so the dry density value
can be calculated according to the CT number. It should be noted that in Figure 15, the
experimental data at the point near CT (H) = 1150 are missing because the CT number
decreases rapidly in the 125–150 mm section away from the freezing pipe, and the interval
range is only 25 mm, while the height of the ring knife sample for measuring the dry
density is 20 mm, and the dry density is not measured in this interval.
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The void ratio e(h) of soil can be calculated according to the relationship between dry
density and height h:

e(h) =
ρwGs

ρdry(h)
− 1 (5)

The calculated void ratio distribution along the height is shown in Figure 16.
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Without considering the lateral deformation, the thawing settlement of soil belongs to
a one-dimensional compression problem:

S =
e1 − e2

1 + e1
H (6)

where e1 and e2 is the void ratio of soil before and after freezing and thawing, and H is the
thickness of soil layer.

According to the CT test results, the spatial distribution e(h) of void ratio along
the vertical direction after melting has been obtained, and the melting settlement can be
obtained by integration:

S =
∫ h2

h1

e1 − e(h)
1 + e1

h dh (7)

where h1 and h2 are the upper and lower limit height of the frozen area.
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The void ratio at the height of h = 485 mm (at the surface) is taken as the initial value
e1 before freezing and thawing. According to the settlement calculated by the void ratio,
the settlement of the soil layer (0–485 mm) from the freezing pipe to the surface is 41.2 mm.

It should be pointed out that there is also 100 mm of thick, remolded mucky clay under
the freezing pipe in the model test. Theoretically, this part of soil is also greatly compressed
during freezing and thawing. However, due to the limitation of sampling conditions, CT
samples of 100 mm thick clay under the freezing pipe were not taken. In order to obtain
the settlement of this layer, layered settlement markers were buried on the horizontal plane
where the center line of the freezing pipe is located during filling. After the test, the height
of layered settlement markers was recorded. The compression value of 100 mm thick soil
layer under the freezing pipe in the freezing and thawing stage was 5 mm.

The total settlement is 46.24 mm by adding the soil layer compression value above the
freezing pipe calculated from the CT test results to the measured compression value below
the freezing pipe, and the measured surface settlement is 42 mm. The settlement calculated
from CT data is very close to the measured value, indicating that the settlement calculation
method proposed in this paper is reliable.

4. Conclusions

In this test, sensors were used to determine the temperature, water content, and dry
density at different depths and explored the method of obtaining undisturbed large-scale
soil column in the model box, which can well maintain the undisturbed structure of soil
sample. The CT tomography tests were also carried out on the soil sample in the model
test and obtained the full section CT test data above the freezing pipe. By analyzing all the
data, we found that:

1. Seepage has a very significant impact on the thickness of the freezing curtain. In the
freezing process, due to the existence of seepage, the freezing curtain on the side near
the sand layer below the freezing pipe is 40% thinner than that above. When melting,
the seepage brings the upstream cooling capacity to the downstream. The process of
drainage consolidation at the upstream is faster than the downstream.

2. The freezing–thawing cycle under the influence of seepage leads to the change of soil
moisture content, especially in the area close to the frozen area, the moisture content
of soft clay has decreased by 9% to 18%. The decrease of water content before and
after freezing–thawing may be due to the fact that pores caused by freezing–thawing
cycle promote the settlement of soil layer and then promote the drainage of soil water.

3. The distribution of the CT number along the height has obvious segmentation charac-
teristics, and the CT number in the frozen area is significantly higher than that in the
unfrozen area. We combined the CT number with the dry density obtained from the
test and proposed a method for calculating the melt settlement according to the CT
number and the real settlement of the model test. The calculated value is very close to
the measured value, which means that the fitting method is accurate and effective.
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