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To study the long-term stability of the large-scale freezing project, the longest subway connecting channel constructed by the
artificial freezing method in China is taken as the background. *e uniaxial compressive strength test, triaxial shear test, and
triaxial creep test of artificial frozen soil under different temperatures were carried out by using theMTS 370.25 mechanical testing
machine. A series of triaxial creep tests for artificial frozen soil under different stresses and temperatures were carried out. Based
on the creep test results, a fractional-order constitutive model of frozen silt with sand was proposed. Comparing the calculated
results with the tested ones, it is found that the proposed fractional-order model can simulate the properties of frozen silt with sand
very well. Compared with the other creep models of frozen soil, the proposed model here has higher accuracy and strong stress
sensitivity. *rough the simulation of the connecting channel construction and comparison with the observed data in site, the
effectiveness of the model is verified, which further verifies that the model has important guiding significance for the
freezing project.

1. Introduction

Frozen soils are compound materials consisting of solid
mineral particles, ice crystals, liquid water, and gaseous
inclusions. Compared with unfrozen soils, the mechanical
property of frozen soils is more complex because of their
components and sensibility to temperature. It is now well
recognized that frozen soils show nonlinear viscoelastic-
plastic behavior. *erefore, in some projects, for example,
the superlong freezing connecting passage project studied in
this paper, linear approximations cannot be used. *e
strength and creep characteristics of frozen soils are the most
important mechanical properties for the engineering con-
struction. In order to meet the needs of the application of
engineering activities, a series of experimental studies on the
mechanical properties of frozen soil had been conducted
[1–9]. Jessberger [10] believed that frozen soil satisfies the
Mohr–Coulomb strength criterion under low confining

pressure. Yang et al. [11] used an improved Hoek–Brown
criterion to describe the nonlinear strength characteristics of
frozen soil under low confining pressure. Lai et al. [12, 13]
carried out triaxial strength tests of frozen sand and pro-
posed the elastoplastic damage constitutive model based on
the continuous damage theory. Yang et al. [14] proposed an
elastic-plastic constitutive model of frozen soil under high
confining pressure. Lai et al. [15, 16] carried out static triaxial
compression tests of frozen loess and introduced the plastic
theory to propose an elastoplastic incremental frozen loess
constitutive model under the triaxial state. Jia et al. and Zuo
et al. [17, 18] used FLAC3D to study the frozen soil con-
stitutive model based on the Mohr–Coulomb yield criterion.

For the research on the creep mechanical properties of
frozen soil, Andersland and Akili [19] studied the effects of
stress, temperature, and soil structure on the creep rate of
frozen soil by differential creep test. Taking sand as an
example, Vyalov et al. [20] pointed out that creep is caused
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by the generation and development of microcracks and
other defects in soil. Based on the element model, Sun et al.
[21] established a simple and applicable creep constitutive
relation of frozen soil. Based on a large number of uniaxial
and triaxial creep tests of artificial frozen soil, Li et al.
[22–24] deduced a nonlinear creep damage coupled con-
stitutive model of artificially frozen clay and frozen sand
under unloading state and complex stress path conditions.
Bai et al. [25–27] studied the creep effects caused by tem-
perature, particle rearrangement, and particle contact sur-
face characteristics. Chen and Qiao [28] studied the creep
process and uniaxial compression test of artificial frozen soil
and established a corresponding mechanical model. Yao
et al. [29] proposed a creep model of frozen soil with
temperature as an independent variable by analyzing the
creep test results of frozen soil at different temperatures.
Arenson and Springman [30] obtained the creep model of
rich ice-frozen soil with a temperature close to 0°C through
the frozen soil creep test. Wang et al. [31] used the non-
Newtonian viscous element instead of the Newtonian vis-
cous element to describe the one-dimensional accelerated
creep state of frozen soil in the Nishihara model. Many
studies on the creep of frozen soil show that the stress level is
an important factor affecting the strength and deformation
of frozen soil [32]. *e application of the geotechnical
constitutive model is very important. Based on the con-
struction of the constitutive model, Yuan et al. [33, 34] put
forward some works that should be paid attention to in
engineering applications. Mengke et al. [35] conducted a
series of triaxial creep tests on warm frozen silts, and they
established a fractional-order rheological element model
based on the creep test results.

Most of these studies show that the creep curves only
include primary and secondary creep stages under different
stress levels and ignore the influence of temperature effect.
From the test results in this paper, the creep curves can be
distinguished by three stages clearly when the stress level
exceeds the stress threshold, and the influence of temper-
ature effect will be involved in the characteristics of frozen
soil and constitutive model. In this paper, the triaxial creep
tests for artificial frozen soil under different stresses and
temperatures were carried out. Based on creep test results, a
fractional-order constitutive model of frozen silt with sand
was proposed. Compared with the other creep models of
frozen soil, the proposed model here has higher accuracy
and strong stress sensitivity. Finally, the test data of frozen
soils at different temperatures and test conditions were used
to verify the proposed model, and it is found that the
proposed fractional-order model can simulate the properties
of frozen silt with sand very well and has a great engineering
value and realistic significance.

2. Engineering Background and Test Plan

2.1. Engineering Background. *e connecting passage of
Fuzhou Zi-Wu Interval is the longest subway connecting
passage constructed by the freezing method in China. *e
center distance of this connecting passage is 66m, and the
centerline is about 6.4m away from the nearest pile

foundation of the overpass pier. *e artificial freezing
method is used to reinforce the strata, and the underground
excavation method is used for construction. *e section of
the freezing curtain of the connecting passage is shown in
Figure 1. *e effective thickness of the frozen curtain is
2.0m, and the average temperature of frozen soil is less than
− 10°C.

*is connecting passage is the longest one constructed
by the freezing method in China, and its location envi-
ronment is complex, so the construction risk level is grade
I. Compared with conventional freezing engineering, this
freezing engineering has the characteristics of long freezing
time, large freezing volume, long excavation and con-
struction time, complex surrounding environment, and high
requirements for deformation control. *e elastic model
often used in previous engineering calculations cannot fully
adapt to this project, so this paper adopts the fractional
derivative viscoelastic-plastic constitutive model to improve
the calculation.

*e main soil layers where the connecting passage is
located are mainly silty fine sand and silt with sand. In this
paper, silt with sand is taken as the research object to carry
out the conventional geotechnical tests and physical and
mechanical properties’ tests of frozen soil, including uniaxial
compressive strength test, triaxial shear test, and triaxial
creep test.

2.2. Experimental Equipment and Samples. *e test soil
samples were taken from the strata of the connecting
channel, and the sampling depth was 20m–30m below the
underground. Routine geotechnical tests were performed on
the soil samples, and the basic physical parameters required
for the determination are shown in Table 1.

*e mechanical property tests of artificial frozen soil are
carried out by using the MTS 370.25 low-temperature
material testing machine, and the test equipment is shown in
Figure 2.*e soil samples are placed intoV50mm× 100mm
cylindrical specimens and placed in a special incubator for
curing.

2.3. Tests’ Plan. *e loading and unloading process of the
MTS testing machine is controlled by program. *e com-
pression strength tests of frozen soil adopt the displacement
rate loading mode, and the displacement change rate is
1mm/min. During the test, the axial strain reaches 20% or
the peak stress decreases by 20%, and the test is terminated.
*e compression strength of frozen soil at − 5°C, − 7°C,
− 10°C, − 15°C, and − 20°C is measured by experiments, and
the elastic modulus and Poisson’s ratio are calculated at the
same time.

*e triaxial shear tests adopt the strain loading method,
and the strain rate is 1%/min. If the axial force has a peak
value, after the peak point, shear 3%∼5% of the strain value,
and then terminate the test. If the axial force continues to
increase, then the test is terminated after shearing to 20%
strain value. Four freezing temperatures of − 5°C, − 7°C,
− 10°C, and − 15°C are adopted, and the temperature error is
controlled within 0.1°C during the test. *e test confining
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pressures are 0.5MPa, 1.0MPa, and 1.5MPa, respectively.
*e data acquisition frequency is 2Hz. In the creep test, the
creep loading coefficient is 0.3, 0.5, and 0.7, and the test time
is 12 h.

3. Test Results and Analysis

3.1. Uniaxial Compressive Strength Tests

3.1.1. Uniaxial Compressive Strength. *e uniaxial com-
pressive strength tests of frozen soil at five temperature levels
of − 5°C, − 7°C, − 10°C, − 15°C, and − 20°C were carried out.
*e test results are shown in Table 2.

Due to the existence of ice crystals in frozen soil, its
structure, strength, and other characteristics are different
from those of conventional soil. *e change of temperature
directly affects the compressive strength of frozen soil. With
the decrease of temperature, the internal composition of
frozen soil gradually changes, and unfrozen water changes

into ice crystals, which makes the compressive strength of
soil increase. *e relationship curve between uniaxial
compressive strength and temperature of frozen soil is
shown in Figure 3.

In the temperature range from − 5°C to − 20°C, the re-
lationship between uniaxial compressive strength and
temperature of frozen soil can be fitted by a linear function,
and the correlation coefficient R� 0.99, indicating that the
compressive strength of frozen soil increases almost linearly
with the decrease of temperature.

3.1.2. Elastic Modulus. *e elastic modulus of frozen soil
obtained from the test is shown in Table 3. *e relationship
curves between elastic modulus and temperature of frozen
soil samples are shown in Figure 4.

From Figure 4, it can be concluded that the elastic
modulus of frozen soil increases with the decrease of freezing
temperature in the range of test temperature, and the elastic

freezing curtain
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20
00
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00

66046

Figure 1: Section of the freezing curtain of the connecting passage.

Table 1: Physical parameters of test soil samples.

Natural gravity
(KN/m3)

Moisture
content (%)

Static side pressure
coefficient

*ermal conductivity
(kCal/m·h°C)

Specific heat capacity
(J·g− 1·K− 1)

Freezing
temperature (°C)

16.0 25.5 0.54 1.528 1.32 − 0.5

Figure 2: MTS 370.25 low-temperature material testing machine.
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modulus increases linearly with the decrease of freezing
temperature, and the correlation is good. Every time the
temperature drops by one degree, the elastic modulus in-
creases by 8.70MPa on average. In the test temperature
range, the elastic modulus of the corresponding soil layer at
any temperature can be calculated by the interpolation
method.

3.1.3. Poisson’s Ratio. *e test results of Poisson’s ratio of
frozen soil are shown in Table 4, and the curve of Poisson’s
ratio and temperature is shown in Figure 5.

From Figure 5, it can be concluded that, within the test
temperature range, Poisson’s ratio of the experimental
frozen soil increases with the increase of freezing temper-
ature, and it increases almost linearly. With one degree rise,
Poisson’s ratio of frozen soil increases by 0.0053 on average.

3.2.Triaxial ShearTest. *e stress-strain curves of frozen soil
under different temperatures and confining pressures are
shown in Figure 6.

*e triaxial shear process of frozen soil can be roughly
divided into three stages: elastic growth stage, plastic yield

stage, and accelerated failure stage. At the initial stage of
loading, the stress-strain curve approximately shows a linear
growth trend. At this time, the deformation of the soil is
mainly through the compression between the particles in the
soil, which is the elastic growth stage. With the continuous
increase of stress, the soil sample begins to produce irre-
versible plastic deformation, and the plastic deformation
continues to increase. When the maximum stress is reached,
fine cracks begin to appear on the surface of the soil, which is
the plastic yield stage. After the sample reaches the maxi-
mum stress, the soil crack develops, extends, and penetrates,
leading to the failure of the sample, which is the accelerated
failure stage.

*e triaxial shear strength parameters of frozen soil are
shown in Table 5.

3.3. Triaxial Creep Tests. *e relationship between triaxial
shear strain and time of frozen soil under different tem-
peratures is obtained by experiments. *e creep curves are
shown in Figure 7.

*e creep of frozen soil is a typical nonlinear rheology;
that is, the isochron curve of stress-strain is not a straight
line or broken line. *e change of stress level and time can
cause nonlinearity, and the influence of stress and time on
nonlinearity is coupled. Under the condition that the stress
applied to the frozen soil remains constant, the strain will
increase with time. In the beginning, the frozen soil shows
instantaneous elastic and plastic deformation, followed by
the creep stage, and enters the first stage, i.e., the unstable
creep stage. *e creep of frozen soil presents an attenuating
deformation; that is, the deformation will gradually
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Figure 4: Relationship curve between elastic modulus and
temperature.

Table 2: Test results of uniaxial compressive strength.

Test temperature (°C) − 5 − 7 − 10 − 15 − 20
Uniaxial compressive strength
(MPa)

2.22 2.87 4.17 5.13 6.32
2.66 2.93 3.96 5.35 6.86

Average value (MPa) 2.58 3.63 4.26 5.39 5.87
2.62 3.14 4.13 5.29 6.35
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Figure 3: Relationship between uniaxial compressive strength and
temperature.

Table 3: Test results of elastic modulus.

Test temperature (°C) − 5 − 8 − 10 − 15 − 20

Elastic modulus (MPa) 64.21 81.22 105.89 147.87 187.88
60.83 83.32 106.75 151.24 192.52

Average value (MPa) 58.80 85.48 109.11 149.39 189.69
61.28 83.34 107.25 149.50 190.03

Table 4: Test results of Poisson’s ratio.

Test temperature (°C) − 5 − 8 − 10 − 15 − 20

Poisson’s ratio 0.34 0.33 0.33 0.29 0.27
0.36 0.35 0.31 0.28 0.28

Average value 0.35 0.34 0.32 0.30 0.26
0.35 0.34 0.32 0.29 0.27
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Figure 6: Stress-strain curves under different temperatures and confining pressures. (a) T� − 5°C. (b) T� − 7°C. (c) T� − 10°C. (d) T� − 15°C.
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Figure 5: *e relationship between Poisson’s ratio and temperature.
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Figure 7: Creep curves at different freezing temperatures. (a) T� − 5°C. (b) T� − 7°C. (c) T� − 10°C. (d) T� − 15°C.

Table 5: Triaxial shear test results.

Test number Temperature (°C) Confining pressure (MPa) σ1 − σ3 (MPa) C (MPa) φ (°)

M1-1
− 5

0.5 2.5
1.3 8.6M1-2 1.0 3.0

M1-3 1.5 3.2
M2-1

− 7
0.5 3.3

1.5 9.2M2-2 1.0 3.5
M2-3 1.5 3.8
M3-1

− 10
0.5 4.0

1.9 12.7M3-2 1.0 4.4
M3-3 1.5 4.6
M4-1

− 15
0.5 5.2

2.2 16.3M4-2 1.0 5.7
M4-3 1.5 6.2
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approach a stable value. After that, the strain rate remains
constant approximately and enters the second stage, namely,
the stable creep stage. When the stress applied to frozen soil
is small, the second stage of creep lasts longer, and even the
third stage (accelerated creep) does not appear. On the
contrary, the second stage of creep is very short or even
disappears.

4. Fractional Derivative Viscoelastic-Plastic
Creep Model

Due to the advantages of fractional calculus in nonlinear
dynamic systems [36, 37], fractional calculus is introduced to
describe the nonlinear mechanical behavior of frozen soil
creep. In this paper, an improved fractional-order visco-
elastic-plastic creep constitutive model for frozen soil is
proposed. On the one hand, the fractional viscous body is
used to replace the classical viscous body in the ideal vis-
coplastic body to obtain the improved viscoplastic body; on
the other hand, the influence of stress on the creep char-
acteristics of frozen soil, especially the accelerated creep, is
considered. A fractional viscoplastic body with an order
greater than 1 is proposed, and its order can be changed

according to the stress level, which makes it sensitive to the
change of stress. Finally, the classical elastic body, classical
viscous body, improved fractional-order elastoplastic body,
and improved fractional-order viscoplastic body are con-
nected in series, and the unsteady fractional-order differ-
ential integral creep model of frozen soil is obtained and
verified.

4.1. Riemann–Liouville Fractional Differential. Firstly, Γ (c)
gamma function closely related to the fractional derivative is
introduced:

Γ(c) � 
∞

0
y

c− 1
e

− ydy

Γ(n) � (n − 1)! ∀n ∈ Z
+

Γ(c + 1) � c · Γ(c).

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(1)

For general continuous functions, the following Rie-
mann–Liouville fractional differential is introduced. Let c be
any real number and n be an appropriate integer satisfying
n − 1< c≤ n; then, Riemann–Liouville fractional differential
is defined as

aD
c
xf(x) �

dn
f(x)

dx
n , c � n ∈ N,

1
Γ(n − c)

dn

dx
n 

x

a

f(τ)

(x − τ)
c− n+1 dτ , 0≤ n − 1< c< n.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(2)

When 0<c< 1 and N� 1,

aD
c
xf(x) �

d
dx

aD
− (1− c)
x f(x) 

�
1
Γ(1 − c)

d
dx


x

a

f(τ)

(x − τ)
c dτ .

(3)

4.2. Fractional Viscous Body

4.2.1. Steady Fractional Viscous Body. *e stress-strain re-
lationship of the ideal gluing pot element satisfies Newton’s
law.

σ �
ηdε
dt

, (4)

where σ is the stress of the material; ε is the strain; η is the
viscosity coefficient; and t is the time.

In essence, the rheological model theory using the
fractional derivative is obtained by replacing Newton viscous
fluid with Abel body in classical model theory or replacing
Newton viscous fluid with the Abel viscosity pot. *e
fractional calculus viscous body is shown in Figure 8.

*e constitutive relation of the fractional viscous body is
as follows:

σ(t) �
ηcd

cε(t)

dt
c , (5)

where c is the fractional differential order and ηc is the
viscosity coefficient.

When c � 0 and c � 1, the fractional viscous body can
represent the ideal elastic body and the ideal fluid material,
respectively; when 0<c< 1, it can describe the mechanical
properties of materials with properties between them.

When the stress σ is constant, according to the Rie-
mann–Liouville fractional calculus theory, the fractional
integration of equation (5) is carried out.

ε �
σ
ηc

·
t
c

Γ(1 + c)
. (6)

4.2.2. Unsteady Fractional Viscous Body. Based on the
theory of fractional calculus, a kind of fractional-order
viscous element with unsteady differential order is proposed.
When the stress of frozen soil exceeds its yield limit, the
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frozen soil enters into the accelerated creep stage. *e re-
lationship between fractional differential order c and stress σ
is as follows:

c � λ · exp
σ − σs

σ0
 , (7)

where λ is the positive real number related to the nature of
frozen soil; σs is the yield limit of frozen soil; and σ0 is the unit
stress with the value of 1, and the dimension is the same as that
of σ.

*e improved fractional calculus viscous body is shown
in Figure 9.

When the stress σ is constant, according to the Rie-
mann–Liouville fractional calculus operator theory, the
fractional integral is obtained:

ε �
σ
ηc

·
t
∧
(λ · ψ)

Γ(1 + c)
. (8)

*erein,

ψ � exp
σ − σs

σ0
 . (9)

4.3. Fractional Derivative Viscoelastic-Plastic Creep Model.
*e fractional derivative viscoelastic-plastic creep model is
shown in Figure 10.

*e nonlinear model consists of theMaxwell model (part
1), a steady fractional viscoelastic body (part 2), and an
unsteady fractional-order viscoplastic body (part 3).

*e creep equation of the Maxwell model is as follows:

ε1 �
σ
E1

+
σ
η1

, (10)

where E1 is the elastic modulus and η1 is the viscosity
coefficient.

*e creep equation of the steady fractional viscoelastic
body is as follows:

ε2 �
σ
η2

·
t
c

Γ(1 + c)
(0≤ c≤ 1), (11)

where η2 is the viscosity coefficient.
*e creep equation of the unsteady fractional visco-

plastic body is as follows:

ε3 �
σ − σs

η3
·
t
∧
(λ · ψ)

Γ(1 + c)
. (12)

*erein,

ψ � exp
σ − σs

σ0
 , (13)

where η3 is the viscosity coefficient and σs is the yield stress.
When σ ≤ σs, the third part is a rigid body, which does

not affect the constitutive model.

ε �
σ
E1

+
σ
η1

+
σ
η2

·
t
c

Γ(1 + c)
. (14)

When σ > σs, the switch of part 3 is turned on, which can
describe the accelerated creep stage of frozen soil.

ε �
σ
E1

+
σ
η1

+
σ
η2

·
t
c

Γ(1 + c)
+
σ − σs

η3
·
t
∧
(λ · ψ)

Γ(1 + c)
. (15)

4.4. Parameters’ Inversion and Model Verification.
According to the creep test results, the model parameters of
frozen soil creep test curves under different temperatures are
identified. Based on the particle swarm optimization algo-
rithm and the least square fitting function parameters, the
results are shown in Table 6.

Figure 11 shows the creep test results and the fitting
curves of the creep model of artificial frozen soil under
different temperature conditions. It can be seen that the
theoretical model proposed in this paper can well describe
the test results under different temperature conditions, in-
cluding the complete creep process such as initial creep,
steady-state creep, and accelerated creep, especially the
accelerated creep stage. *e high degree of fit indicates the
correctness and applicability of the nonlinear viscoelastic-
plastic model established in this paper.

5. Finite Element Calculation

5.1. Modeling. Using ANSYS finite element calculation
software and the viscoelastic-plastic constitutive equation of
frozen soil derived in this paper, the displacement field and
stress field of the frozen wall are simulated. SOLID186 three-
dimensional solid element is adopted, and PCG solver is
selected. Due to the long distance of the connecting passage,
the large volume of freezing, long excavation and con-
struction time, the complex surrounding environment, and
high requirements for deformation control, the plastic and
creep deformation of frozen soil should be considered in the

σ σ

Figure 8: Fractional viscous body.

σ σ

Figure 9: Improved fractional viscous body.

σs

σσ

ε11 ε12
ε1 ε2 ε3

ε

E2
E1

η1
η2 η3

Figure 10: Fractional derivative viscoelastic-plastic creep model.
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Table 6: Fitting parameters of the viscoelastic-plastic creep model.

T (°C) Stress σ (MPa)
Model parameters

E1 (MPa) η1 (MPa·h) η2 (MPa·h) c η3 (MPa·h) λ

− 5
0.79 102.14 310.52 383.71 0.3095

115.265 3.5861.31 130.64 150.97 187.56 0.0231
1.83 215.39 76.82 104.27 0.3880

− 7
0.94 115.33 382.19 405.73 0.3765

238.376 2.1561.57 159.82 224.23 284.14 0.7759
2.20 226.03 109.35 198.23 0.2333

− 10
1.24 133.37 437.34 486.53 0.1307

303.926 4.2382.07 168.31 219.68 291.55 0.4245
2.90 252.48 120.78 257.96 0.4726

− 15
1.59 177.86 483.38 512.58 0.3048

391.361 7.8192.65 217.71 274.85 308.14 0.5055
3.70 256.72 163.86 269.86 0.1390
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Figure 11: Experimental and theoretical creep curves. (a) T� − 5°C. (b) T� − 7°C. (c) T� − 10°C. (d) T� − 15°C.
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calculation. *erefore, the fractional derivative viscoelastic-
plastic model is used to improve the calculation. *e three-
dimensional mechanical model is used for the mechanical
analysis of the frozen curtain. *e material parameters are
shown in Table 7, and the mechanical characteristic pa-
rameters of frozen soil are taken as the mechanical prop-
erties of frozen soil at − 10°C. According to the structural

symmetry, 1/4 of the structure is taken as the calculation
model, as shown in Figure 12.

5.2. Displacement and Creep. *e total displacement and
frozen curtain displacement caused by the connecting
passage excavation are calculated, respectively. *e

NODAL SOLITION

STEP = 4
SUB = 1
TIME = 4
USUM
RSYS = 0
DMX = .034347
SMX = .034347

(AVG)

0 .003816 .007633 .011449 .015265 .019082 .022898 .026714 .030531 .034347

Figure 13: Total displacement nephogram.

Figure 12: Finite element calculation model.

Table 7: Values of material parameters.

Item Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio
Frozen soil (− 10°C) 1850 107.25 0.32
First layer of soil 1820 10.5 0.31
Second layer of soil 1850 19.5 0.33
*ird layer of soil 1940 21.0 0.32
Lining structure 2500 32.5×103 0.20
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calculation results are shown in Figures 13 and 14. From the
total displacement nephogram, the maximum deformation
of the ground up the middle of the connecting passage is
34.3mm; from the displacement nephogram of the frozen
curtain, the maximum deformation of the frozen curtain is
21.2mm, and the frozen soil deformation accounts for 61.8%
of the total ground deformation.

Taking the center of the tunnel as the origin and the
distance from the center of the tunnel as the variable, the
displacement curve of the upper frozen curtain of the
connecting passage at different times is shown in Figure 15.
Taking the frozen soil in the middle of the connecting

passage as the research object, the creep law of frozen soil
within 24 hours after the excavation is shown in Figure 16.

It can be seen from Figures 15 and 16 that, at the same
time, the displacement curve of the frozen curtain at the
upper part of the connecting passage is parabolic, and the
maximum vertical displacement occurs in the middle of the
connecting passage.*e vertical displacement increases with
time, and the closer to the middle, the greater the increase.
After excavation, the calculated maximum vertical dis-
placement is 22.5mm after 8 hours, 23.2mm after 20 hours,
and 23.3mm after 24 hours. *e vertical displacement in-
creases by 0.74mm, 0.58mm, 0.31mm, 0.20mm, 0.16mm,

NODAL SOLITION

STEP = 4
SUB = 1
TIME = 4
USUM
RSYS = 0
DMX = .021177
SMX = .021177

(AVG)

0 .002353 .004706 .007059 .009412 .011765 .014118 .016471 .018824 .021177

Figure 14: Frozen curtain displacement nephogram.
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Figure 15: Displacement curves of the upper frozen curtain of the connecting passage.
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and 0.13mm, respectively, after every 4 hours, and the creep
increase decreases gradually, showing an attenuation creep
increase, and gradually tends to be stable. In the actual
project, the tracking grouting was carried out according to
the monitoring value. *erefore, the later measured values
are smaller than the calculated values.

5.3. Stress and Strain. *e von Mises stress distribution
nephogram of frozen soil after the excavation is shown in
Figure 17. *e von Mises stress of the frozen soil in the
middle-upper of the connecting passage within 24 h is
shown in Figure 18.

It can be seen from the von Mises stress distribution
nephogram of frozen soil that the stress distribution is
generally uniform, most of which are in the range of
0.037MPa–0.663MPa. *e maximum stress is 1.45MPa,
which is the stress concentration point and is located at the
junction of the frozen soil and tunnel. It can be seen from
Figure 18 that the von Mises stress of the frozen soil in the
middle-upper part of the connecting passage presents a slow
downward trend during the frozen soil creep, with a small
decline, and finally tends to be stable.

According to the strain of the frozen curtain in the final
stable state, the whole frozen curtain is divided into the elastic
zone, plastic zone, and damage zone, as shown in Figure 19.
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Figure 16: Creep curve of the middle and upper frozen curtain of the connecting passage.
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Figure 17: von Mises stress distribution nephogram.
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It can be seen from Figure 19 that the elastic zone, plastic
zone, and damage area of the frozen curtain are cross distrib-
uted. Most of the frozen soil is in the elastic zone, and the stress-
strain relationship of frozen soil in the elastic zone is linear
elastic. *e proportion of the plastic zone is relatively small,
mainly concentrated in the inner curtain and bottomplate of the
passage, and the stress-strain relationship of frozen soil in the
plastic zone is nonlinear. *e damage zone is very small, at the
corner of the passage floor, and it is mainly caused by stress
concentration.

During the excavation of the connecting passage, the
deformation monitoring value of the ground and frozen soil
excavation surface is the same as themodel calculation value.

Taking into account the requirements of deformation
control, according to the monitoring and model calculation
conditions, the deformation can meet the control require-
ments by grouting and temporary support. *erefore, this
model has important engineering application value and can
provide important guidance for freezing engineering.

6. Conclusions

*rough the uniaxial compressive strength test, triaxial
shear test, and triaxial creep test of frozen silt with the sand
soil layer, many important physical and mechanical prop-
erties’ parameters of the soil layer are obtained, which

(a) (b)

(c)

Figure 19: Strain partition of the frozen curtain. (a) Elastic zone. (b) Plastic zone. (c) Damage zone.
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Figure 18: von Mises stress curve.
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provide basic conditions for the development of freezing
engineering. By a series of triaxial creep tests for artificial
frozen soil under different stresses and temperatures, a
fractional-order constitutive model of frozen silt with sand is
proposed. *e following conclusions could be acquired:

(1) *e creep of frozen soil is a typical nonlinear rhe-
ology; that is, the isochron curve of stress-strain is
not a straight line or broken line.*e change of stress
level and time can cause nonlinearity, and the in-
fluence of stress and time on nonlinearity is coupled.
When the stress applied to frozen soil is small, the
second stage of creep lasts longer, and even the third
stage (accelerated creep) does not appear. On the
contrary, the second stage of creep is very short or
even disappears.

(2) *e proposed fractional derivative viscoelastic-
plastic creep model can describe the three stages of
artificial frozen soil creep, especially the accelerated
creep stage. *e creep curves under different tem-
perature and stress conditions are fitted and analyzed
by the particle swarm optimization algorithm and
least square algorithm, and the model parameters are
obtained.

(3) Comparing the calculated results with the tested
ones, it is found that the proposed fractional-
order model can simulate the properties of frozen
silt with sand very well. Compared with the other
creep models of frozen soil, the proposed model
here has higher accuracy and strong stress
sensitivity.

(4) *rough the simulation of the connecting channel
construction and comparison with the observed data
in site, the effectiveness of the model was verified,
which further verifies that the model has important
guiding significance for the freezing project.
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