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Due to climate warming and large-scale engineering activities, the embankment engineering risk in the permafrost and seasonally
frozen regions caused by water content change in the soil has becomemore andmore serious. To study the moisture migration law
in the embankment under the vehicle load action and periodic variation of temperature, a series of temperature-controlled model
tests under the dynamic load condition were carried out, the dynamic load was imposed by an air hammer connecting a vibration
plate, which was installed on the top surface of the soil, and the variation law of the temperature and moisture fields in the model
was analyzed. +e test results show that the moisture field in the soil sample changes obviously with the increasing freeze-thaw
cycles under the no-load condition, especially after nine freeze-thaw cycles, two moisture accumulation areas appear in the range
of 8–15 cm from the soil surface; the dynamic load has an inhibitory effect on the moisture migration within 5 cm below the
vibration plate and has a promoting effect on the range of 10–30 cm below the vibration plate. With the increase in the number of
freeze-thaw cycles, three high-water content areas are gradually formed and approximately uniformly distributed within the
10–25 cm depth range of the soil, which has an important impact on the stability of the soil. +e water content of the moisture
accumulation areas during freezing is greater than that during thawing under the no-load condition, while the water content of the
moisture accumulation areas during freezing is less than that during thawing under dynamic load. +e research results can
provide references for the embankment design and disease treatment in cold regions.

1. Introduction

In cold regions, the land surface will undergo repeated
freezing and thawing due to periodic fluctuations in surface
temperature [1]. As a process of intense weathering, the
freeze-thaw cycle strongly changes the physical and me-
chanical properties of the soil, such as particle size, internal
structure, and pore water distribution of the soil, which
affects the stability of the engineering structure [2–6]. In the
seasonally frozen regions, the freeze-thaw cycle causes re-
peated frost heave and thaw settlement of the surface soil,
which is a crucial reason for engineering and natural diseases
[7]. Frost heave and thaw settlement are closely related to the
variation of moisture in the soil. During freezing, the

moisture in the unfrozen area will migrate to the freezing
front due to the thermal gradient and other driving forces.
During thawing, the moisture flows down under the self-
weight. However, the moisture cannot return to the original
position after freezing and thawing due to some retarding
force of soil particles, making the moisture redistribute
[3, 8–10].

Konrad and Morgenstern [11] and Gilpin [12] studied
moisture migration law in the soil through experiments.
+ey found that the variation of the initial water content and
temperature gradient are critical reasons for moisture mi-
gration in unsaturated soils. Hanks [13] conducted exper-
iments on the moisture vapor migration in three sandy soils
and found that the moisture vapor migration conforms to
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the simple diffusion theory. Chen and Liu [14] conducted
many laboratory experiments to study the influence of
different factors on moisture migration. +e results showed
that the moisture migration in frozen soil is related to the
soil-water potential gradient, which is influenced by many
parameters, such as physical and mechanical properties of
the soil, test boundary conditions, freezing speed, temper-
ature gradient, and other parameters. Zhang et al. [15]
carried out large-scale laboratory model tests of moisture
migration and explored the influence of soil density, freezing
temperature, water content, freezing method, and other
factors on the moisture migration of unsaturated soil, but
they did not consider the influence of temperature gradient
on moisture migration in the soil. Lu et al. [16] studied the
variation of unfrozen water content and temperature of
Qinghai-Tibet Plateau silty clay with different initial water
content. +e results showed that the supercooling phe-
nomenon during the freeze-thaw process was strengthened
significantly with the increase in initial water content of the
soil samples, and the freezing rate was greatly increased. Wei
et al. [17] conducted the freezing test of saturated soil under
different temperature boundaries and sample heights. +e
results showed that freezing rate and frost heaving ratio were
inversely proportional to the height of the soil sample and
directly proportional to the temperature gradient.

+e moisture migration rate for different soils is dif-
ferent, and the moisture migration rate decreases with the
increase in dry density for the same soil [18]. Wang and Lu
[19] studied the moisture migration of unsaturated soil
under different temperature gradients. +e results showed
that the variation of the water content has a more significant
correlation with the temperature gradient size and the dry
density, and the water content of the soil near the warm end
of the specimen decreased, while the water content of the soil
near the cold end showed an increasing trend. Huang et al.
[20] studied the frost heaving and deformation process of
frozen soil under external loads. +e results show that the
external load has a great influence on the driving force of
moisture migration, which causes changes in the amount of
moisture migration, migration rate, and frost heaving ratio.
Zhao et al. [21, 22] analyzed the moisture migration in soil
samples under different freezing temperatures and thawing
temperatures. +e results showed that different freezing and
thawing temperatures significantly affect the moisture mi-
gration in the soil samples, and the higher the freezing
temperature of the top board of the test cases, the more the
water content accumulation at the water accumulation layer.
Zhang et al. [23] analyzed the moisture migration during the
freeze-thaw cycle for sandy soil and silty clay and concluded
that the water supply rate of silty clay is greater than that of
sandy soil during the freeze-thaw cycle.

In seasonally frozen regions, the moisture in the em-
bankment migrates during the freeze-thaw process. During
freezing, the moisture migrates from the position with the
high potential energy of the soil to the position with low
potential energy, and the moisture near the frozen fringe
migrates to the freezing front; during thawing, the moisture
in the thawed area migrates to the frozen area.+erefore, the
freeze-thaw cycle causes repeated moisture migration in the

embankment, which results in moisture accumulation and
changes the internal structure of the soil, thus changing the
mechanical characteristics of the soil and leading to a de-
crease in the stability of the embankment [24]. When the
moisture accumulates to a certain extent, the embankment
will be damaged due to more significant frost heaving action
during freezing. At the same time, under the combined
actions of the vehicles and other upper loads, the road with
excessively high-water content during thawing will produce
pavement overturning and other phenomena, which has a
huge impact on the performance and service life cycle of the
roads [25]. +is shows that moisture migration during the
freeze-thaw cycle is highly crucial to the deformation of the
soil and the stability of the embankment. However, the
current research onmoisture migration is mainly focused on
model tests and small soil sample tests under unloaded
conditions and few reports studies have been reported the
influence of dynamic loads and freeze-thaw cycles on soil
moisture migration based on large model tests. +erefore,
this article carries out model tests under dynamic load and
freeze-thaw cycles, measures the temperature and moisture
in the soil during the tests, and analyses the moisture mi-
gration mechanism under dynamic loads. +e research re-
sults can provide a scientific basis for the design,
construction, and disease treatment of the embankment
projects in seasonally frozen regions.

2. Experiment Materials and Methods

2.1. Soil Samples. +e soil used in this model test is Lanzhou
loess in Gansu Province (36°01′14″N 103° 50′15″E, altitude
1624m), which belongs to the temperate continental climate
and seasonal frozen regions [9]. +e physical properties of
the soil such as initial water content, natural dry density,
specific gravity of soil particles, liquid limit, and plastic limit
are tested according to the Standard for Geotechnical Testing
Method, and results are shown in Table 1 [26]. Figure 1
shows the grain-size diameter distribution obtained by the
laser diffraction method.+e plasticity index of the soil is 8.6
less than 10, and the liquid limit of the soil is 27.3% less than
50%, so the soil is designated as a low liquid limit silt soil.

2.2.ModelTestingApparatus. +emodel test was carried out
by a small temperature-controlled environmental chamber
in the State Key Laboratory of Frozen Soil Engineering of the
Chinese Academy of Sciences (Figure 2) [27].+emodel test
system includes an environmental chamber, a temperature
control system, an insulation test chamber, a water sup-
plement system, a vibration system, and an observation
system (Figure 3). +e internal space size of the environ-
mental chamber is 1m× 1m× 1m, and its internal tem-
perature is controlled by the temperature control system.
+e temperature control system is mainly composed of the
compressor, the temperature controller, the liquid crystal
control panel, the Freon liquid circulation pipeline, the
evaporator, and the temperature sensor. +e temperature
control process is manually set on the liquid crystal control
panel and automatically controlled by the instrument. +e
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temperature control range of the system is from −40°C to
+100°C, and the temperature accuracy is about ±0.3°C. +e
insulation test chamber is used to fill the soil, and its internal
dimension is 0.7m× 0.7m× 0.4m. +e insulation test
chamber is placed in the environmental chamber, and its
wall is made of insulation materials to ensure one-dimen-
sional freezing and thawing of soil samples. +e water
supplement system mainly provides a water supply source
for the soil in the insulation test chamber, which is equiv-
alent to the groundwater level. +e bottom water supple-
ment system consists of a water inlet, water bin, and drainage
port.+e water inlet is located at the bottom of the side of the
water bin, and the drainage port is located at the top of the
side of the water bin, the purpose of which is to ensure that
the water enters from the bottom up and gradually fills up
the water bin. +e vibration system consists of a vibration
plate, air hammer, solenoid valve, relay, and air compressor.
+e vibration frequency of the dynamic load is mainly

controlled by the air hammer fixed on the vibration plate; the
maximum impact force of the air hammer is 9.6 kg·m·s−1.
+e vibrating plate is a square of 0.18× 0.18m, and the total
mass of the vibrating plate, inner ring sleeve, and air
hammer is about 16.2 kg. +e observation system mainly
consists of thermal sensors, moisture sensors, and a data
acquisition instrument. +e moisture sensors choose EC-5
soil moisture sensors (Figure 4), the range is 0∼100%, and
the accuracy is ±3%; the data are collected by the CR3000
data acquisition instrument.

2.3. Experiment Design. To study the influence of dynamic
load on the moisture and temperature field in the soil, two
model tests were designed: one is under the no-load con-
dition on the sample surface and the other is to apply dy-
namic load on the sample surface.+e vibration frequency of
the dynamic load is 0.164Hz, which is selected according to

Table 1: +e physical properties of the soil.

Parameters Initial water content
(%)

Natural dry density
(g·cm−3)

Particle density
(g·cm−3)

Plastic limit
(%)

Liquid limit
(%) Plasticity index

Test value 4.3 1.36 2.61 18.7 27.3 8.6
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Figure 1: +e grain-size diameter distribution.

Figure 2: Temperature-controlled environmental chamber.
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the high-speed traffic flow [28, 29]. +e loading time is 0.4 s,
the unloading time is 5.7 s, and the specific loading method
is shown in Figure 5. +e boundary temperature is con-
trolled by an environmental test chamber, and the tem-
perature data are referenced to the monthly average
temperature in the loess area of Lanzhou City, which varies
between −8.06 and 15.7°C in a sinusoidal function curve, and

the freeze-thaw period is 24 h. +e fitted curve based on the
measured values of temperature is shown in Figure 6, and
the fitted temperature equation is expressed as follows:

T � 3.82 + 11.88 × sin
2πt

24
+
π
2

 . (1)

1 Cooling fan
2 �ermistors
3 Air hammer
4 Vibrating bottom plate
5 Soil sample
6 Insulation materimal
7 Compressor
8 Cork
9 Drain
10 Water supplement cabin

11 Bottom plate
12 Water supplement hole
13 Copper pipe
14 Copper pipe inlet
15 Copper pipe outlet
16 Cryostat
17 �e base
18 Water inlet
19 Drainage system
20 Water level line

21 Water supply system
22 Data acquistion system
23 Intake pipe
24 Relay 
25 Solenoid valve
26 Air compressor
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Figure 3: System of the modelling test: 1: cooling fan, 2: thermistors, 3: air hammer, 4: vibrating bottom plate, 5: soil sample, 6: insulation
material, 7: compressor, 8: cork, 9: drain, 10: water supplement cabin, 11: bottom plate, 12: water supplement plate, 13: copper pipe, 14:
copper pipe inlet, 15: copper pipe outlet, 16: cryostat, 17: the base, 18: water inlet, 19: draining system, 20: water level inline, 21: water supply
system, 22: data acquisition system, 23: intake pipe, 24: relay, 25: solenoid wave, and 26: air compressor.

Figure 4: EC-5 soil moisture sensors.
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Figure 5: Dynamic load variations.
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+e test process is as follows. (1) Soil. +e air-dried soil
was added to a certain amount of distilled water, mixed well,
and passed through a 2mm sieve. And then, the water
content measured by the drying method is 10.6% after 24
hours of sealed storage. (2) Sample. +e prepared soil is
weighed and compacted in layers in the insulation test
chamber. +e dry density of the sample was controlled at
1.6 g·cm−3. After the soil sample is filled, a piece of plastic
film was covered on the top of the soil sample to prevent the
evaporation of water. (3) Temperature. +e soil sample was
kept at 20°C for at least 48 h, the purpose of which is to
achieve a uniformly distributed initial temperature field.
+en, the temperature of the environmental chamber was set
to a sinusoidal mode (Figure 6) so that the soil is subjected to
freeze-thaw cycles and simultaneously applied a dynamic
load on the surface of the soil sample, where the variation of
the dynamic load is shown in Figure 5. (4) Testing. During
the test process, the temperature and moisture fields in the
soil sample are measured by the thermal and moisture
sensors arranged in layers, as shown in Figure 7.+e thermal
and moisture sensors are installed in the left half and right
half, respectively, because the soil sample configuration,
temperature, and load boundary are symmetrical.

3. Results and Analysis

3.1. Temperature Field in the Sample. Figure 8 shows the
variation of temperature with time at different depths of the
center of the soil sample under the combined action of
dynamic load and freeze-thaw cycles. It can be seen that the
soil temperature at different locations shows periodical
variation with the boundary temperature. +e amplitude
variation of the temperature in the soil tends to decrease
with increasing depth due to the thermal loss when heat is
conducted downward from the surface of the soil. +e
variation of temperature in the soil sample lags behind the
soil surface due to the time effect of thermal conduction. It is

also seen that themaximum temperature in the soil sample is
about 16°C, which occurs at the upper surface of the soil
sample and a location of 10 cm from the upper surface of the
soil during the freeze-thaw process, and the maximum depth
of frost penetration is about 6.2 cm during the 1st freeze-
thaw cycle and about 8 cm after nine freeze-thaw cycles. +is
indicates that the cold capacity gradually accumulates in the
soil sample.

Figure 9 shows the contour map of the temperature
during the 1st, 5th, 9th, 12th, and 15th freeze-thaw cycles
under dynamic loading where 1 L, 5 L, 9 L, 12 L, and 15 L
present the moments of the lowest ambient temperature (L)
during the different freeze-thaw cycles (1, 5, 9, 15), and
similarly 1H, 5H, 9H, 12H, and 15H present the moments
of the highest ambient temperature (H) during the different
freeze-thaw cycles (1, 5, 9, 12, 15).

At the moment of the lowest ambient temperature
during freeze-thaw cycles, the heat of soil is dissipated to the
environment and the temperature of the soil sample grad-
ually decreases and freezes from top to bottom. In the frozen
area, the temperature of the soil sample under the vibration
base plate is lower than that on both sides of the vibration
plate at the same depth. Because the vibration base plate is
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Figure 9: Continued.
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made of steel with good thermal conductivity, which ex-
trudes the soil surface during the loading process, thus it
accelerates the release of heat from the surface soil to the
environment, leading to the rate of temperature change of
the soil under the vibration base plate greater than that on
both sides. +e results also show that the temperature under
the vibration plate is gradually decreasing, and the low-
temperature area is gradually expanding with the increase in
the freeze-thaw cycle. +is indicates that the cold capacity of
the soil sample is slowly accumulated during freeze-thaw
cycles.

At the moment of the highest ambient temperature
during freeze-thaw cycles, in the range of 0–20 cm from the
soil surface, the temperature of the soil sample under the
vibration base plate is greater than that on both sides of the
plate at the same depth, which is also caused by the larger
thermal conductivity of the vibration plate, and the tem-
perature gap gradually increases with the increase in the
number of freeze-thaw cycles (Figure 9). +e reasons are
that, on the one hand, the dynamic load accelerates the

migration of moisture which further affects the distribution
of the temperature field; on the other hand, the thermal
conductivity of the vibration base plate is larger than soil and
affects the heat transfer and accumulation of the soil sample.
For example, at a depth of 10 cm from the soil surface and
time of 1H, the temperature at the center position is about
15.5°C, at 11.7 cm from the center position is about 13.6°C,
and at 23.4 cm from the center position is about 11.8°C. At
the time of 15H, the temperature at the center position is
about 14.9°C, at 11.7 cm from the center position is about
12.1°C, and at 23.4 cm from the center position is about
9.4°C. +e temperature distribution is more uniform at
locations below 20 cm from the soil surface. Moreover, the
temperature decreases at each position of the sample with
the increase in freeze-thaw cycles, which is caused by the
accumulation of cold capacity in the soil sample during the
freeze-thaw cycles.

For whole freeze-thaw cycles, the accumulation of cold
capacity occurs in the soil regardless of whether the ambient
temperature is low or high. +at is because the thermal
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Figure 9: Variation of the temperature field at low and high temperature extremes at different freeze-thaw cycles.

Advances in Materials Science and Engineering 7



9.5

9.5 9.5
11.0

11.0 11.0

10.0

10.010.0

10.5

10.5

10.5

1 L
D

ep
th

 (c
m

)

00

10 20 30 40 50 60 700
Width (cm)

–30

–25

–20

–15

–10

–5

0

(a)

1 H

D
ep

th
 (c

m
)

–30

–25

–20

–15

–10

–5

0

10 20 30 40 50 60 700
Width (cm)

11.0

12.312.3

12.5
12.5

10.0 10.0

11.5

11.0

10.5 10.5

12.3 12.3

11.0 11.0

11.5

11.5 11.5

12.0

(b)

5 L

D
ep

th
 (c

m
)

11

1616

13

12

14

15
15

13

14

00

10 20 30 40 50 60 700
Width (cm)

–30

–25

–20

–15

–10

–5

0

(c)

5 H

D
ep

th
 (c

m
)

11

18 18

13

12

14
17 17

1616 15

13

14

15

10 20 30 40 50 60 700
Width (cm)

–30

–25

–20

–15

–10

–5

0

(d)

9 L

D
ep

th
 (c

m
)

12.0 12.0

21.021.0 19.519.5

15.0

12.0

19.5 19.5

16.5
18.0

13.5 13.5

15.0 15.0

16.5 16.5

18.0

0 0

10 20 30 40 50 60 700
Width (cm)

–30

–25

–20

–15

–10

–5

0

(e)

9 H

D
ep

th
 (c

m
)

12.012.0

19.5 19.5

12.0

15.0

18.018.0

16.5

13.5 13.5

15.0 15.0

16.516.5

–30

–25

–20

–15

–10

–5

0

10 20 30 40 50 60 700
Width (cm)

(f )

12 L

D
ep

th
 (c

m
) 22 2221 21

15
17

13 13

19

1515

17 17

19

00

–30

–25

–20

–15

–10

–5

0

10 20 30 40 50 60 700
Width (cm)

(g)

12 H

D
ep

th
 (c

m
) 2121

11

20 20

15

19 19

17

13 13

1515

17 17

10 20 30 40 50 60 700
Width (cm)

–30

–25

–20

–15

–10

–5

0

(h)

Figure 10: Continued.
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conductivity during freezing is greater than that during
thawing, making the accumulated cold capacity during
freezing more than the amount of cold capacity dissipated
during thawing [30, 31].

3.2. Moisture Field in the Sample

3.2.1. Freeze-6aw Cycles. Figure 10 shows the variation of
moisture field at the H and L time in different freeze-thaw
cycles under the no-load condition. It can be seen that the
water content in the soil sample changes slightly during the
first freeze-thaw cycle, and the water distribution is rela-
tively uniform and close to the initial water content. +e
moisture field in the soil sample changes obviously with the
increasing freeze-thaw cycles. Especially after nine freeze-
thaw cycles, two areas of moisture accumulation appear in
the soil sample which has distance from the surface of
8–15 cm and symmetric distribution. Additionally, there is
little change in the moisture accumulation area but a
continuous increase in water content with increasing
freeze-thaw cycles. For example, the maximum water
content in the moisture accumulation area at H and L time
is 25.5% and 26.1% after 15 freeze-thaw cycles, which in-
creased by 15.5% and 16.1% from the initial water content,
respectively. +e reason for this phenomenon is that the
temperature gradient drives the moisture migrated to the
freezing front during freezing [23, 25]. From Figure 10, it
can be seen that the moisture accumulation area is close to
the position of the 0°C line, which illustrates the rela-
tionship between the moisture migration area and tem-
perature gradient. +e moisture in the soil sample will flow
downward under gravity during thawing, but the moisture
flowing downwards is less than the migrating upward
during the freezing due to the resistance effect of the soil;
besides, since the soil is unsaturated in the model test, the
moisture at the bottom of soil sample will also migrate
upward under matric suction. By comparison, we found
from Figure 10 that the moisture migrated upward during
thawing is less than that during freezing. +erefore, during
the freeze-thaw cycles, the moisture migrates towards the

freezing front under various driving forces. Moreover, as
the freeze-thaw cycles increase, the moisture migrating
upward is more than that migrating downwards, which
leads to the moisture gradually accumulating to form an
accumulation area.

3.2.2. Freeze-6aw Cycles under Dynamic Load. Figure 11
shows the variation of moisture field under dynamic load. It
can be seen from the figure that the spatial distribution of
water content in the soil sample is relatively uniform at the
beginning of freeze-thaw. However, the water content sig-
nificantly increases with the increasing freeze-thaw cycles,
especially after nine freeze-thaw cycles. +ree moisture
accumulation areas appear in the soil sample: one is located
below the vibration plate and the other two are located below
the side of the vibration plate. Compared with Figure 10, it
can be found that the locations of themoisture accumulation
areas are lower under dynamic load than those under the no-
load condition, which is mainly due to the soil near the
vibration plate being compacted by the load, and the
moisture-holding capacity is reduced. For example, during
freezing of the 9th freeze-thaw cycles, the area with water
content greater than 15% appeared in the range of 10–25 cm
from the soil surface below the vibrating base plate and the
area with water content greater than 15% appeared in the
range of 10–30 cm from the soil surface below the side of the
vibrating base plate. During the freezing process of the 15th
freeze-thaw cycle, the area with water content greater
than 19% appeared in the range of 10–22.5 cm from the
soil surface below the vibrating base plate and the area
with water content greater than 19% appeared in the
range of 10–25 cm from the soil surface below the side of
vibrating base plate. +e variation in the water content
and the range of the moisture accumulation area indicates
that the moisture of the soil sample below the vibration
plate tends to migrate upwards. +e reason for this is that,
on the one hand, the freeze-thaw cycle causes the
moisture to migrate to the freezing front; on the other
hand, the vibration load leads the adsorption force of the
soil pores to increase [32, 33].
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Figure 10: Variation of the moisture field at low and high temperature extremes at different freeze-thaw cycles.
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Comparing the moisture field under the L and H time,
Figure 11 shows that the difference of water content between
freezing and thawing is slightly at the beginning of the
freeze-thaw cycles. +e difference gradually increases with
the increase in freeze-thaw cycles. +e reason for the vari-
ation is that when the ambient temperature is negative, the
moisture in the soil migrates to the freezing front, leading to
the reduction of water content in the middle of the soil
sample. When the ambient temperature is positive tem-
perature, the moisture in the soil under the vibration plate
begins to move downwards and to both sides of the vibration
plate due to the effect of dynamic load, which increases the
water content in the middle of the sample. Besides, the
dynamic load improves the adsorption force of the soil
pores, which leads to the increase in the water content of the
middle and upper parts of the soil sample. Compared with
the moisture field under no load, it can be found that the
water content of the moisture accumulation area during
freezing is greater than that during thawing under the no-
load condition and the water content of the moisture ac-
cumulation area during freezing is less than during thawing

under dynamic load condition, which indicates that the
dynamic load improves the adsorption potential energy of
the soil pores and significantly enhances the capillary
moisture migration during thawing [34].

4. Discussion

+ere are three moisture accumulation areas in the soil sample
for the dynamic load test, which is different from the no-load
test.+e formation of the threewater accumulation areas under
dynamic load is closely related to the internal stress field in the
soil sample. Figure 12 shows the internal stress distribution of
the soil under dynamic load. It can be seen that both the
longitudinal stress and transverse stress decrease with the
increasing depth. +e longitudinal stress is mainly concen-
trated under the vibration plate, and the curves bulge vertically
downward, while the transverse stress is distributed as the
symmetric saddle. It can be seen from Figure 12 that the soil on
both sides of the vibration plate is subjected to higher stresses so
that the soil here is compressed and the porosity is reduced; the
moisture is squeezed and migrates to the place with less stress.
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Figure 11: Variation of the moisture field at low and high temperature extremes under dynamic load and different freeze-thaw cycles.

Advances in Materials Science and Engineering 11



In Figures 10 and 11, there are two moisture accumulation
areas under the no-load condition. In comparison, there are
three moisture accumulation areas under dynamic load, which
is also caused by the variation of porosity due to load [31–33].
+e stress compresses the soil, resulting in the extrusion of
moisture from the soil and migrates to surrounding soil that
creates moisture accumulation areas.+is is the reason why the
moisture accumulation area increases to three when the dy-
namic load is applied.

5. Conclusion

Two model tests were carried out to study the influence of
dynamic load on the temperature and moisture fields of the
soil during the freeze-thaw cycling and obtained the fol-
lowing conclusions:

(1) +e temperature of the soil shows periodic change with
the ambient temperature, and the closer to the surface of
the soil, the greater the variation amplitude of tem-
perature. +e temperature in the soil sample gradually
decreases with the increase in freeze-thaw cycles, which
is caused by the accumulation of cold capacity in the soil
sample during the freeze-thaw cycles.

(2) +e moisture gradually migrates upward and accu-
mulates near the freezing front to form moisture ac-
cumulation areas with the increasing freeze-thaw cycles.

(3) +e dynamic load compacts the soil near the vi-
bration plate that the position of moisture accu-
mulation areas is lower than that under the no-load
condition. Under the dynamic load, longitudinal and
transverse stresses are generated in the soil sample,
which causes three water aggregation areas to be

formed, and the water content increases with the
increase in freeze-thaw cycles in these areas.

(4) +e water content of the moisture accumulation
areas during freezing is greater than that during
thawing under the no-load condition, while the
water content of the moisture accumulation areas
during the freezing period is less than that during
thawing under dynamic load. +is indicates that the
dynamic load improves the adsorption potential
energy of the soil pores and significantly enhances
the capillary moisture migration during thawing.
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Laboratory freezing experiments were conducted to evaluate the effect of polyacrylamide (PAM) and lignocellulose on the
mechanical properties and microstructural characteristics of Tibetan clay. Direct shear and unconfined compressive tests and field
emission scanning electron microscopy analyses were performed on clay samples with different contents of stabilizers. ,e test
results show that the addition of PAM can improve the unconfined compressive strength and cohesion of Tibetan clay, but an
excessive amount of PAM reduces the internal friction angle. After several freeze-thaw cycles, the unconfined compressive
strength and cohesion of samples stabilized by PAM decrease significantly, while the internal friction angle increases. Samples
stabilized by PAM and lignocellulose have higher internal friction angles, cohesion, and unconfined compressive strength and can
retain about 80% of the original strength after 10 freeze-thaw cycles. PAM fills the pores between soil particles and provides
adhesion. ,e addition of lignocellulose can form a network, restrict the expansion of pores caused by freeze-thaw cycles, and
improve the integrity of PAM colloids. It is postulated that the addition of a composite stabilizer with a PAM content of 0.4% and a
lignocellulose content of 2% may be a technically feasible method to increase the strength of Tibetan clay.

1. Introduction

Tibet is located in Southwest China, at a high altitude above
sea level, with a dry and cold climate. In recent years, in-
creasing state investment in infrastructure construction has
led to increasing areas of Tibet being developed and utilized.
,is is particularly true for water conservancy projects,
which have effectively alleviated energy shortage in the
region. However, it should be noted that, compared with
water conservancy construction in mild climate areas, water
conservancy construction in cold regions should focus on
the impact of climate, especially freezing and thawing.

Clay is widely distributed in Tibet and is often used as
dam filling material or rockfill dam core material. However,
clay is very sensitive to changes in temperature and moisture
levels. Repeated freezing and thawing of clay soil affects its

macrostructure and mechanical behavior. To reduce the
adverse effects of freeze-thaw cycles and strengthen clay,
many researchers have studied the effects of various addi-
tives to form geopolymers through chemical reactions. Ding
et al. [1] studied the mechanical properties of fiber-cement
composite-stabilized clay subjected to freeze-thaw cycles and
proposed an empirical model for strength prediction ac-
counting for the number of freeze-thaw cycles. Orakoglu
et al. [2] studied the compressive strength of fly ash-lignin
fiber-stabilized soil subjected to freeze-thaw cycles and
found that the strength decreases as the blending ratio of
lignin fiber increases. Hamza and Ali [3] discussed the effect
of freeze-thaw cycles on the unconfined compressive
strength of jute fiber, steel fiber, and lime-stabilized clay, and
the results obtained from the study are fairly promising to
employ jute fiber, steel fiber, and lime against freeze-thaw

Hindawi
Advances in Materials Science and Engineering
Volume 2021, Article ID 7723405, 16 pages
https://doi.org/10.1155/2021/7723405

mailto:497450734@qq.com
https://orcid.org/0000-0002-2514-0371
https://orcid.org/0000-0002-4649-1875
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7723405


resistance. Due to the high cost of conventional additives
and their adverse effects on the local environment, some
researchers have proposed the use of nontraditional addi-
tives such as polymer materials to change the surface
properties of soil particles and improve the strength of the
soil. In recent years, polyacrylamide (PAM) has been widely
used to improve the properties of clay because it is effective,
nontoxic, and environmentally friendly.

PAM improves the resistance of soil to erosion, dis-
persion, collapse, and shearing. Since the 1950s, researchers
[4–6] have established that PAM improves soil, reduces
permeability, and improves durability. An increasing
number of researchers have studied the applications of the
chemical additive PAM in engineering. Lei et al. [7] studied
the method of deep treatment of dredger fills with PAM,
combined with vacuum preloading, by conducting indoor
model tests. Gao et al. [8] discussed the mechanism of the
effect of PAM on the compressibility of lime-stabilized soil.
Different amounts of PAM were added to lime-stabilized
soil, and the results showed that the addition of PAM to
lime-stabilized soil reduces the mesopore volume and
produces very large pores. Georgees et al. [9] assessed the
benefits of using synthetic PAM additives to improve the
performance-related properties of three pavement materials
commonly used in Australian unsealed road construction.
Jung and Jang [10] studied the soil-water characteristic
curves for different concentrations of PAM. ,e results
showed that PAMhas a good irrigation effect with increasing
water infiltration because of its ability to absorb and store a
large amount of water. Zhang et al. [11] studied the con-
sistency limit, compactness, microstructure, and cracking
morphology of saline soil before and after PAM treatment.
,e results showed that PAM reduces the shrinkage strain
and defects or pores in saline soil. Qi et al. [12] studied the
cracking behavior of polyurethane (PU) and PAM-mixed
clay soil for different polymer concentrations, using cracking
tests for drying soil.

It is worth noting that Soltani-Jigheh et al. [13] studied
the effects of water-soluble cationic PAMon the physical and
mechanical properties of fine-grained soil under thawing
and freeze-thaw conditions. ,e results showed that when
soil undergoes a freeze-thaw process, the strength and du-
rability of untreated and treated soil are greatly reduced,
particularly after the first cycle. Hence, it is necessary to
consider adding other modifiers to improve the applicability
of environment-friendly polymer soil improvers such as
PAM, to soil subjected to freeze-thaw cycles. In this study,
clay samples were collected from Linzhi, Tibet, located
3500m above sea level. ,e shear strength, unconfined
compressive strength, and microstructure of the soil samples
were studied for untreated soil and soil treated with PAM
alone and with lignocellulose and PAM. A total of 10 types of
stabilized soil samples with different proportions of modi-
fiers were prepared. First, compaction and liquid-plastic
limit tests were conducted on soil samples, and the com-
paction curves and liquid-plastic limits of the soil samples
were determined. Next, changes in the mechanical prop-
erties of the samples after freeze-thaw cycles were studied by
direct shear tests and unconfined compressive strength tests.

Finally, the microstructures of the soil samples were studied
using a scanning electron microscope.

2. Materials, Methods, and Testing Equipment

According to the standard of soil test method (GB/T 50123-
2019) [14], the physical and mechanical properties of clay
and stabilized clay in Tibet were studied per the standard of
geotechnical tests, by laboratory tests including unconfined
compression, direct shear, liquid-plastic limit, compaction,
and scanning electron microscopy tests.

2.1. Materials

2.1.1. .e Clay. In this paper, the test soil (as shown in
Figure 1) is taken from Linzhi City, Tibet Autonomous
Region, China, which is a kind of clay widely distributed in
high-altitude areas of China. To purify the root systems
existing in the soil, the obviously larger plant roots were
picked out through the naked eye, and then the black plant
root powder that is reunited in it after crushing was re-
moved. In order to better understand its characteristics, the
soil samples were crushed and passed through a sieve with a
particle size of 2mm for liquid-plastic limit, compaction,
particle analysis, and specific gravity tests according to Test
Methods of Soils for Highway Engineering (JTG E-2007)
[15]. ,e basic property results are summarized in Table 1,
the compaction curve is shown in Figure 2, and the gra-
dation is shown in Figure 3.

2.1.2. Polyacrylamide. Polyacrylamide (PAM) (as shown in
Figure 4) is mainly used in industry and is often used in soil
stabilization. It is a high molecular weight synthetic wa-
terborne polymer additive with low cost. It is adsorbed to the
soil by an exchangeable cationic bridge through the con-
nection between its ionic groups and negatively charged soil
components.,e polymer creates a long chain that binds soil
particles together, improving soil resistance to erosion,
dispersion, collapse, and shear. Table 2 shows the charac-
teristic parameters of the PAM used in the test.

2.1.3. Lignocellulose. Lignocellulose (as shown in Figure 5) is
an organic flocculent fiber material obtained from natural
renewable wood by chemical treatment and mechanical
processing. It is often used in road engineering; the material
has a small specific gravity, large specific surface area,
thermal insulation, sound insulation, insulation, and air
permeability and can achieve resistance to low-temperature
deformation and improve adhesion with minerals without
adding any stabilizer. Table 3 shows the characteristic pa-
rameters of lignocellulose used in the experiment.

2.2. TestingMethods. Stabilized soil samples with different
proportions of PAM were prepared. ,e amounts and
proportions of different modifiers used to prepare the
samples are listed in Table 4. Eighteen unconfined
samples of stabilized soil with a height of 10 cm and a
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diameter of 5 cm were prepared based on optimal
moisture content. Also, a quick shear of 72 samples with a
height of 20mm and a diameter of 61.8 mm was con-
ducted. After curing for 7 days under standard curing
conditions (as shown in Figure 6) following the

Specification of Soil Test (JTGE51-2009) [16], the samples
were subjected to freeze-thaw cycle tests of different
durations. After a specified number of freeze-thaw cycles,
follow-up direct shear, unconfined, and electron micro-
scope scanning tests were conducted.

Table 1: Basic properties of clay.

Natural dry
density, ρ (g/cm3)

Optimal moisture,
content ωop (%)

Maximum dry density,
ρd (g/cm3)

Plastic limit,
ωL (%)

Liquid limit,
ωP (%)

Plasticity index,
IL (%) Specific gravity, Gs

1.52 14.3 1.605 19.8 27.4 7.6 2.74

1550

1560

1570

1580

1590

1600

1610

5.00 10.00 15.00 20.00 25.00

D
ry

 d
en

sit
y 

(g
/c

m
3 )

Water content (%)

Figure 2: Compaction curve.

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000

Pe
rc

en
ta

ge
 (%

)

Size (μm)

Figure 3: Gradation curve.

Figure 1: ,e sampled clay.
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Table 2: Basic properties of PAM.

Average particle size (μm) pH Ion type Molecular weight Water solubility time (min) Solid content
250∼180 7.4 Cation ion 13 million 40 ≥ 90%

Figure 5: ,e lignocellulose used in the test.

Figure 4: ,e PAM used in the test.

Table 3: ,e characteristic parameters of lignocellulose.

Fiber length (μm) Density (g/cm3) Heat resistance (°C) pH Fiber content (%) Color
200 1.76 260 6 99.5 White

Table 4: Sample preparation.

Test group Sample number PAM content (%) Lignocellulose content (%) Number of freeze-thaw cycles
Soil type A (nonstabilized soil) 1 0 0

0, 1, 3, 5, 7, and 10

Soil type B (PAM only)

2 0.1 0
3 0.2 0
4 0.4 0
5 0.6 0
6 0.8 0

Soil type C (PAM and lignocellulose)

7 0.4 1
8 0.4 2
9 0.4 3
10 0.4 4
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2.3. Freeze-.aw Cycles. A self-made freeze-thaw cycle de-
vice, suitable for soil conditions in Tibet, tested freeze-thaw
cycles. After the sample was prepared and cured for seven
days, the sample was wrapped with plastic film and placed in
a self-made closed test chamber with adjustable temperature
for freeze-thaw cycle testing. For the freeze-thaw tests, the
specimens were subjected to 1, 3, 5, 7, and 10 freeze-thaw
cycles. According to meteorological data, summer temper-
atures in Tibet range between 18 and 24°C, and winter
temperatures range from −13 to −22°C. To better simulate
the freezing and thawing process of soil under local climatic
conditions, during each freeze-thaw cycle, the samples were
first frozen at −20°C for 12 hours and then thawed at 20°C for
12 hours. At the end of ten cycles, three unconfined samples
and 12 quick shear samples were taken from each group, and
follow-up experiments were conducted after determining
the moisture content change.

2.4. Unconfined Compression Experiment. UCS tests have
been conducted following the Specification of Soil Test
(JTGE51-2009) [16]. ,e testing equipment used accurately
and reliably measured a large data set (over 3000) for
drawing the stress-strain curves for the tested specimens.
,e strain rate of this test was 1.5mm/min, and the test
stopped when axial deformation reached 25mm. ,e peak
load was determined according to the test data, and the
unconfined compressive strength was calculated. Figure 7
shows the unconfined compression test samples, and Fig-
ure 8 shows the sample damaged during that test.

2.5. Direct Shear Test. ,e direct shear test is carried out in
an electric quadruple shear apparatus according to soil test
standard (GB/T 50123-2019) [14]; the test equipment and
samples are shown in Figures 9 and 10. ,e effective con-
solidation pressures were 50, 100, 150, and 200 kPa. When
the shear displacement reached 4mm, the test stopped.

Based on these data, the peak shear stresses under different
vertical pressures were obtained, and linear fitting deter-
mined the cohesion and internal friction angle of the sample.

2.6. Scanning Electron Microscope Experiment. ,e micro-
structure of soil stabilized by different modifiers after the
freeze-thaw cycle was analyzed by field emission scanning
electron microscope (as shown in Figure 11). ,e sample
destroyed by the unconfined compression test is dried in the
oven. After the moisture is completely evaporated, the
sample with a thickness of about 1mm and a diameter of
5mm is gilded to improve its electrical conductivity. Each
sample was examined and imaged to depict its
microstructure.

3. Results and Analysis

3.1. Effect of Freeze-.aw Cycles on Shear Strength

3.1.1. Effect of Freeze-.aw Cycles on the Shear Strength of
PAM-Stabilized Soil Samples. Figures 12 and 13 show the
variations of shear strength parameters of nonstabilized clay
samples and PAM-stabilized clay samples with freeze-thaw
cycles. As shown in Figure 14, when the number of freeze-
thaw cycles is small, the internal friction angle of non-
stabilized clay generally decreased as the number of freeze-
thaw cycles increased, in agreement with previously reported
results [17]. In this experiment, the internal friction angle
decreased mainly in cycles 1–5, from 28.3° to 21.9° (22.6%),
which was smaller than that of cohesion. ,e internal
friction angle increased slightly after five freeze-thaw cycles
and decreased only 17.6% after 10 freeze-thaw cycles. ,e
phenomenon that the internal friction angle decreased
slightly shows that the internal friction angle of soil is not
significantly weakened by freeze-thaw cycles because the
internal friction angle of soil relates primarily to the friction
between soil particles. ,e first few cycles resulted in greater

Figure 6: Standard maintenance.
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particle rearrangement caused by the freeze-thaw, so the
angle of internal friction decreased and the rearrangement of
soil particles gradually stabilized with additional cycles.

As shown in Figure 13, cohesion decreased for initial
freeze-thaw cycles (<3). Soil specimens between 3–10 cycles
yielded similar internal friction angles and ranged between
22.1 and 19.8 kPa. Compared with nonfreeze-thawed soil
samples, cohesion decreased by 30% after three cycles and
then stabilized. ,e total decrease in cohesion was as much
as 41.2% after 10 cycles; hence, the effect of freeze-thaw
cycles on the shear strength of soil cannot be ignored, and

multiple freeze-thaw cycles can easily lead to slope landslides
in practical engineering applications. For example, for the
slope at K4213 + 50 of Sichuan-Tibet Highway 318 (as shown
in Figure 14), due to shear strength decreases in the soil after
multiple freeze-thaw cycles, the shallow soil becomes un-
stable and collapses along the slope direction due to gravity.

Freeze-thaw cycles can increase the internal friction
angle of PAM-stabilized soil. Increasing the number of
freeze-thaw cycles gradually increased the internal friction
angle before stabilizing or decreasing slightly after seven
cycles. However, the internal friction angle appeared to

Figure 8: Samples damaged during unconfined compression test.

Figure 7: Samples for unconfined compression test.

Figure 9: Ring cutter sample.
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decrease for specimens with a large amount of PAM added
(more than 0.6%), and the internal friction angle was lower
for higher PAM content.

,e reason for the above is that an excessive amount of
added PAM affects the friction between soil particles and
reduces the internal friction angle of soil. ,e internal
friction angle gradually increased with more freeze-thaw
cycles, which showed that the amount of PAM added should
not be excessive. For example, when 0.8% of PAM was
added, the internal friction angle of the unfrozen-thawed soil
was 12.8°, which was 45% of that of nonstabilized soil.

,e cohesion of PAM-stabilized samples decreased with
an increase in the number of freeze-thaw cycles. ,e co-
hesion of samples with higher PAM levels decreased bymore
than 60% after three cycles and by more than 70% after 10
cycles. At a PAM level of 0.1%, cohesion decreased by 47%

after ten freeze-thaw cycles due to the freezing of additional
water in the pores of soil during the freeze-thaw cycles,
which increased pore sizes after thawing and weakened the
cementing effect of PAM on soil particles. ,e colloid
produced by PAM also caused cracks, which led to changes
in soil structure and decreased soil cohesion on a macro-
scopic level. ,erefore, during construction processes, at-
tention should be paid to the adverse effects of freeze-thaw
cycles on PAM-stabilized clay.

3.1.2. Effect of Freeze-.aw Cycles on the Shear Strength of
PAM and Lignocellulose-Stabilized Specimens. Figures 15
and 16 depict the effect of freeze-thaw cycles on the shear
strength parameters of composite-stabilized clay. Multiple
freeze-thaw cycles had little effect on the internal friction

Figure 10: Electric quadruple direct shear apparatus.

Figure 11: Field emission scanning electron microscope.
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angle, even if the content of PAM added increased. As the
number of freeze-thaw cycles increased, the shear strength
parameters showed a fluctuating trend upward. ,e cohe-
sion of stabilized PAM and lignocellulose samples decreased
with additional freeze-thaw cycles. Only when the ligno-
cellulose content was 2%, the cohesion of samples increased
before three freeze-thaw cycles, after which it decreased.
Cohesion decreased slightly after ten freeze-thaw cycles, in
successive drops of 28.57%, 6.28%, 14.49%, and 21.66%. ,e
change in cohesion was small when the amount of ligno-
cellulose was 2%. Tibetan clay soils improved with the ad-
dition of composites such as PAM and lignocellulose and
resulted in shear strength increases, stabilized soil, and
maintained high cohesion after many freeze-thaw cycles.
From a cost standpoint, 0.4% PAM and small amounts of
lignocellulose (1%, 2%) are feasible for soil improvement.

Such composite-based improvements not only increase the
shear strength of Tibetan clay and prevent local slopes from
being easily affected by freeze-thaw cycles but also provide a
novel method for local soil improvement engineering and
reduce environmental pollution.

3.2. Effect of Freeze-.aw Cycles on Unconfined Compressive
Strength

3.2.1. Effect of Freeze-.aw Cycles on the Strength of
Nonstabilized Specimens. Figure 17 shows the change in
unconfined compressive strength of nonstabilized soil after
freeze-thaw cycles. ,e results show that soil pores were
enlarged due to interpore water freezing, but the increased
pores could not be restored during the thawing process.
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Hence, the spacing between soil particles increased, and the
compressive strength of unstable clay decreased noticeably
after the first freeze-thaw cycle from an initial value of
108.1 kPa to 61.6 kPa, representing a decrease of 43%. After
the third freeze-thaw cycle, the strength increased slightly,
which may be due to the low moisture content of the sample
due to improper operation during sample preparation. After
5, 7, and 10 freeze-thaw cycles, the strength continued to
decline. After 10 freeze-thaw cycles, the strength was only
42.4 kPa, less than 50% of the initial strength, indicating that
the compressive strength of Tibetan clay is greatly affected by
freeze-thaw cycles, and long-term freeze-thaw cycles de-
crease soil strength. ,erefore, the improvement of this type
of soil should be considered in engineering construction.

3.2.2. Effect of Freeze-.aw Cycles on the Strength of
PAM-Stabilized Samples. Figures 18 and 19 show the
relationship between the unconfined compressive strength
of PAM-stabilized samples and the number of freeze-thaw
cycles. ,e characteristics of PAM help protect the local
environment in Tibet and provide an alternative for soil
from being contaminated by traditional modifiers such as
cement and lime. ,e figures show that unconfined com-
pressive strength increased significantly with additional
PAM but decreased with an increasing number of freeze-
thaw cycles. ,is observation indicated that PAM addition
substantially improved the unconfined compression
strength of clay in Tibet. ,is was attributed to the fact that
the colloid formed by PAM wraps around the surface of soil

Figure 14: Shallow landslide due to multiple freeze-thaw cycles.
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particles and provides adhesion between soil particles, fills
soil pores, and forms a relatively stable spatial structure.,is
led to strength increases; however, subsequent freeze-thaw
cycles weakened this filling and bonding effect.

As shown in Figures 18 and 19, after the addition of 0.1%,
0.2%, 0.4%, 0.6%, and 0.8% additives, the strength reached
245.3, 297.8, 343.4, 369.4, and 389.9 kPa, respectively, which
was more than twice the strength of the nonstabilized sam-
ples. It is worth noting that when the added amount exceeded
0.4%, strength increases gradually decreased; this indicated
that merely adding stabilizer was not cost-effective. As the
number of freeze-thaw cycles increased, the strength of the
stabilized samples with lower levels of added stabilizers in-
creased slightly after the first freeze-thaw cycle because the
initial freeze-thaw cycle played a role in healing the damaged

structure [18], which resulted in a gradual soil strength in-
crease.,e first freeze-thaw cycle healed the soil structure and
slightly increased the strength of the soil skeleton but was not
observed in subsequent freeze-thaw cycles. When the added
amount exceeded 0.4%, the strength of the samples decreased
after the first freeze-thaw cycle, and the decrease was the most
significant when the content was 0.8%. ,is indicated that
excessive addition of PAM inhibited the healing of damaged
structures by the initial freeze-thaw cycle.

To evaluate the magnitude of freeze-thaw weakening
effects on degradation of unconfined compressive strength,
the strength attenuation is defined as

ηi �
qi − q0

q0
, (1)
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where ηi is the strength decay rate after the i freeze-thaw
cycle, qi is the unconfined compressive strength after the i
freeze-thaw cycle, and q0 is the unconfined compressive
strength before freeze-thaw cycles.

Figures 20 and 21 show the changes of strength decrease
of PAM-stabilized specimens with freeze-thaw cycles.
During freeze-thaw cycles, the strength of the samples
stabilized with low amounts of stabilizers decreased sig-
nificantly after three freeze-thaw cycles and continued to
decrease after 5, 7, and 10 freeze-thaw cycles; however, the
decrease was slightly less than previously observed. Among
them, the strength attenuating trends of the samples sta-
bilized, with 0.2% and 0.4% PAM content showing similar
trends, but unconfined compressive strength trends differed
slightly. ,e strength of high content samples decreased
substantially after five freeze-thaw cycles but decreased

slightly after each freeze-thaw cycle thereafter. ,e attenu-
ating trend was linear overall. Although PAM effectively
stabilized the sample strength initially, there was little dif-
ference between the strengths of the stabilized and non-
stabilized soil samples after seven freeze-thaw cycles, and the
strength was essentially the same after ten cycles. ,e
strength attenuation reached 60%, indicating that freeze-
thaw cycles had a significant effect on the cementation of
PAM and that multiple freeze-thaw cycles greatly weakened
the enhancing effect of the stabilizer. Although the PAM
colloid filled the pores between soil particles and provided
adhesion, it did not restrict soil particle displacement and
limited the increase in the number of pores. After several
freeze-thaw cycles, the cementation force of the colloid
wrapped around the surface of the soil particles decreased.
,e strength of the PAM colloid between the pores
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decreased, and the soil readily fractured under an external
load. ,e filling effect also decreased and a large stable
structure did not form; hence, the adhesive force provided
decreased significantly.

3.2.3. Effect of Freeze-.aw Cycles on the Strength of PAM
and Lignocellulose-Stabilized Samples. Figure 22 shows the
relationship between the unconfined compressive strength
of the samples stabilized with PAM and lignocellulose and
the number of freeze-thaw cycles. Lignocellulose addition
improved the frost resistance of the samples. ,e

unconfined compressive strength increased significantly
with lignocellulose addition. As shown, after adding 0.4%
PAM and 1, 2, 3, and 4% lignocellulose, the strength of the
unfreeze-thawed cyclic sample reached 493.8, 562.8, 594.9,
and 615.1 kPa, respectively, and the strength was more
than 1.5 times than when the level of PAM was 0.4%. Also,
the strength of the sample increased gradually during the
first three freeze-thaw cycles; this indicated that ligno-
cellulose addition benefitted the aging of the freeze-thaw
cycles and stabilized the soil skeleton strength. After the
first three freeze-thaw cycles, the strength of the sample
started decreasing, but the decrease was not significant and
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much lower than that of each freeze-thaw cycle of the
sample stabilized by PAM alone. ,is was due to wood
fiber, which formed a network between the soil particles
that partially limited dislocation between the particles,
protected the colloid formed by PAM, and increased the
energy needed to break the stable specimen.

When the content of lignocellulose exceeded 1%,
strength increases decreased significantly and were seen in
the strength change of the sample stabilized with a ligno-
cellulose content of 2%, which remained the same after
several freeze-thaw cycles. ,is indicated that a lignocellu-
lose content of 2% (and a PAM level of 0.4%) significantly
improved the frost resistance of the soil.

As shown in Figure 23, the attenuation of the strength of
the composite-stabilized samples differed from that of
nonstabilized soil and soil stabilized with PAM alone. Before
three freeze-thaw cycles, the strength of the samples with 2%
lignocellulose increased the most, and those increases were
23% and 14.9% after three cycles. In subsequent freeze-thaw
cycles, the strength of all stabilized samples decreased
continuously, but the rate of strength attenuation after ten
freeze-thaw cycles was not high, ∼10%, which was much
smaller than nonstabilized soil and soil stabilized with PAM
alone. ,is indicated that lignocellulose addition stabilized
the frost resistance of the sample and helped maintain a high
strength of PAM colloids with an optimal lignocellulose level
of 2%.

3.3. Microscopic Analysis. To better understand the im-
provement due to different modifiers after freeze-thaw
cycles, the microstructure of nonstabilized soil, PAM-
stabilized soil, PAM, and lignocellulose composite-stabi-
lized soil before and after a freeze-thaw cycle was analyzed
by field emission scanning electron microscopy; the po-
rosity and pore sizes of the sample cross-sections were
calculated by Nano Measurer software and the MATLAB
program.

Figure 24 shows the microstructural images of non-
stabilized soil samples before and after freeze-thaw cycles.
Due to the high degree of compaction, the soil particle
samples without undergoing a freeze-thaw cycle were closely
arranged and the pores were small. Among them, the
maximum pore diameter was 17.2 μm, the average pore
diameter was 6.43 μm, and the porosity was 0.12.

However, after many freeze-thaw cycles, the untreated
samples had porous and discontinuous layered textures, and
there were many pores (the maximum pore diameter was
32.4 μm, the average pore diameter was 13.7 μm, and the
porosity was 0.26.) with many small particles on the surface.
,ere were many pores between the particles due to pore
enlargement after water freezing, which led to soil particle
rearrangement; hence, the strength of the soil skeleton
decreased after freeze-thaw cycles.

Figure 25 shows the microstructure of a PAM-stabilized
soil sample before and after several freeze-thaw cycles. After
adding PAM, a portion of the soil particles were coated with
a colloid layer formed by PAM (as shown in Figure 25(a)),
which resulted in a glue-like strong bond between particles.
,is led to tighter bonds between individual particles, the
contact area between the adjacent particles increased and
increased the energy needed for dislocating the soil particles.
,e inherent strength of the clay increased. Also, due to the
high density of the samples, flake and needle-like PAM
colloids were observed in the pores (as shown in
Figure 25(b)), indicating that PAM colloids were filled with
micropores during hydration; hence, the addition of PAM
stabilized the strength of clay. After several freeze-thaw
cycles, the PAM colloid was affected. As shown in
Figure 25(c), the colloid wrapped around the surface layer of
the soil particles was not smooth. Some pores between soil
particles remained, and it was apparent that there were
colloids in the pores, but most of the colloids were broken
and did not form a good whole, indicating that the con-
nection of the colloids was destroyed by repeated freeze-
thaw cycles. Although the addition of PAM absorbed some
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Figure 22: Changes of unconfined compressive strength of PAM and lignocellulose-stabilized specimens with freeze-thaw cycles.
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water in the pores and reduced pore increases during the
freeze-thaw process, most of the colloids were fractured after
repeated cycles, and the cohesion between soil particles
decreased significantly. ,e effect of pore-filling was also
poor; hence, the soil improvement effects of PAM after
several cycles were limited.

Figure 26 shows the soil sample microstructures stabi-
lized by PAM and lignocellulose before and after multiple

freeze-thaw cycles. ,e gap between soil particles changed
slightly before and after these cycles because the added fibers
were intertwined with each other to form a network; hence,
the gap between soil particles did not increase significantly
after repeated cycles. Discrete fibers were intertwined with
each other to form a spatial stress network between soil
particles that contributed to maintaining its shear strength.
Under external loads, when relative displacement between a
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Figure 24: ,e microstructure of nonstabilized soil. (a) 0 cycles. (b) 7 cycles. (c) 10 cycles.
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Figure 25: ,e microstructure of PAM-stabilized soil. (a) 0 cycles. (b) 0 cycles. (c) 10 cycles.
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fiber in the network and soil particles occurred, other ad-
jacent fibers limited relative displacement and restricted the
rearrangement of soil particles during the freeze-thaw cycle.
Consequently, soil particles were not easy to move and the
strength decreased by a smaller amount. Also, due to the
constraint of the fiber network, increasing the number of
pores was limited, the cement was not easily fractured, the
colloid formed by PAM had good integrity, the effect of
filling pores improved, and cohesion was conserved between
the particles.

4. Conclusions

In this study, the change in the strength of clay samples
stabilized by PAM, PAM and lignocellulose subjected to
freeze-thaw cycles, and the mechanism of action of soil
improvers were studied using unconfined compression and
direct shear tests and scanning electron microscopy. ,e
main conclusions of this study are as follows:

(1) ,e addition of PAM can improve the unconfined
compressive strength and cohesion of Tibetan clay,
but a large amount of PAM reduces the internal
friction angle of soil. With an increase in the number
of freeze-thaw cycles, the unconfined compressive
strength and cohesion of clay samples stabilized by
PAM decrease significantly, but the internal friction
angle increases.

(2) Compared with nonstabilized clay, PAM and lig-
nocellulose composite-stabilized clay has a higher
internal friction angle, cohesion, and unconfined
compressive strength and can retain about 80% of its
original strength after 10 freeze-thaw cycles.

(3) PAM fills the pores between soil particles and
provides adhesion. ,e adhesion between particles
is higher, the contact area between the adjacent
particles increases, and the strength of the sample
increases. However, after several freeze-thaw cy-
cles, the bonds between soil particles are destroyed
and most of the colloids are fragmented. ,e
addition of lignocellulose can form a network,
restrict the expansion of pores caused by freeze-
thaw cycles, and improve the integrity of PAM
colloids.

(4) Based on test data and project cost considerations, it
is recommended that a compound stabilizer con-
sisting of 0.4% PAM and 2% lignocellulose be used to
improve clay in Tibet, control local slopes, reduce
landslide disasters caused by freeze-thaw cycles,
improve roadbed strength, and reduce environ-
mental pollution.
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Traditional embankment is widely used in the permafrost regions along the Qinghai-Tibet Railway (QTR) because of its simple
construction and lower cost. However, this form of embankment has insufficient ability to resist external thermal disturbance. To
clarify the thermal characteristics of traditional embankment under climate warming, the ground temperature change process of
section K1068 + 750 of the QTR was analysed in this study. Based on the field monitoring data from 2006 to 2019 and the
established heat transfer model, the past and future changes of permafrost thermal regime under the embankment were analysed.
(e results show that the degradation of permafrost under the embankment is faster than that under the undisturbed site due to
the combined of embankment construction and climate warming. (e sunny-shady slope effect related to embankment ori-
entation makes the distribution of permafrost temperature under embankment asymmetric. In the long term, permafrost
degrades both under the undisturbed site and embankment. (e continuous degradation of permafrost causes the settlement and
deformation of embankment, especially the asymmetric degradation of permafrost on sunny side and shady side will cause
longitudinal cracks on the embankment. (erefore, timely application of strengthening measures which can slow down the
degradation of permafrost and adjust the uneven ground temperature on the sunny and shady sides under the embankment is of
great significance to the safety of the traditional embankment.

1. Introduction

(e Golmud-Lhasa section of the Qinghai-Tibet Railway
(QTR) with a length of 1142 km was completed and started
operation in 2006 [1]. It covers 550 km of continuous
permafrost regions, 50% of which belong to warm perma-
frost areas with the mean annual ground temperature
(MAGT) higher than −1°C [2]. (e high thermal sensitivity
of warm permafrost makes the stability of embankment in
these areas significantly affected by changes in the external
environment temperature [3]. Many studies based on field
monitoring have shown that with the climate warming and
the change of land-surface energy balance caused by the

construction of embankment, the permafrost along the QTR
has been extensively degraded, especially under the tradi-
tional embankment [4–7]. (e degradation of permafrost
has caused the settlement deformation of the embankment,
which reduces the smoothness of the railway track and poses
a threat to the safe operation of the train [8–11]. In addition,
in the section of the QTR that is not in the north-south
direction, there is a sunny and shady slope effect caused by
different heat absorption on both sides of embankment that
makes the ground temperature under two sides of the
embankment slope different [12]. (e asymmetry of the
permafrost temperature distribution on the sunny and shady
sides of the embankment causes asymmetrical settlement
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and eventually forms longitudinal cracks which may make
the embankment fail [13, 14]. Considering the above
problems faced by the embankment of the QTR under
climate warming, it is necessary to timely evaluate the
stability of the embankment that may be unstable.

(e study on the embankment stability of the QTR is
mainly carried out through field monitoring and numerical
simulation. Most of the monitoring data of ground tem-
perature and deformation of the embankment come from
the long-term monitoring program of the QTR which
started to work in October 2005. Based on ground tem-
perature and deformation data, the researchers analysed the
thermal response of permafrost under the embankment to
climate and human activity [15–17]. Furthermore, by
comparing the thermal stability and deformation stability of
different embankment forms, the cooling ability of each
structure is evaluated [5, 18–20]. However, due to the
limitations of field conditions and the lack of enough
monitoring data, methods such as numerical simulations
other than field monitoring have also been used to study the
embankment stability in permafrost regions. For example,
for some new forms of embankment, the stability can be
determined by establishing a suitable mathematical model
before the embankment construction [21–24]. (e numer-
ical simulation can also be used to analyse the degradation
progress of permafrost under the embankment and the
embankment deformation in the future under climate
change, so as to find the embankment that needs to be
strengthened in time [25–27]. (e simultaneous use of field
monitoring and numerical simulation in the study not only
helps to solve more engineering problems, but also improves
the accuracy of the conclusions.

In this paper, the change process of ground temperature
is analysed based on the ground temperature monitoring
data of section K1068 + 750 from 2006 to 2019. In addition, a
heat transfer model is established to predict the change of
thermal regime of the section in the next few decades. (e
research includes the degradation characteristics of per-
mafrost under the embankment and the difference of per-
mafrost temperature distribution on both sides of the
embankment caused by the sunny-shady slope effect. (e
analysis results can be used as the basis for the selection of
strengthening measures for this section and provide refer-
ence for the stability evaluation of similar projects in the
future.

2. Field Observations

2.1. Site Description. (e study section, with the mileage of
K1068 + 750 along the QTR, is located in the Chumaer River
High Plain (Figure 1). (e monitoring results of adjacent
meteorological stations show that the mean annual air
temperature in this region is −2.9°C [28]. As shown in
Figure 2, the air temperature from 2007 to 2016 close to the
ground shows that the temperature is between −28.9°C and
13.4°C, and it is higher than 0°C from June to September
every year. (e altitude of the study area is 4552m, and the
vegetation coverage is about between 30% and 50%. A
borehole survey conducted in 2004 shows that the MAGT

and the permafrost table (PT) under the study section is
−0.5°C and 5m, respectively, at undisturbed ground. In this
paper, the PT is calculated by linear interpolation of adjacent
depths of 0°C isotherm. (e results of this survey also show
that the permafrost in this region is mainly ice-rich per-
mafrost (volume ice content less than 10% to 20%) and icy
permafrost (volume ice content is between 10% and 20%).
(e embankment was built in the warm season of 2002 with
a height of 2.8m. (is embankment is a traditional earthen
embankment without any proactive cooling measures. (e
embankment orientation is 241.6°, which means that the
intensity of the solar radiation on both sides of the slopes is
different.

2.2. Ground Temperature Monitoring. In order to monitor
the thermal stability of the embankment, a ground tem-
perature monitoring system was built in this section and
started operation at the end of 2005 as shown in Figure 3.
(e monitoring system consists of an undisturbed site
monitoring borehole and two embankment monitoring
boreholes. Since it is 20m away from the slope toe of the
embankment, it can be considered that the ground tem-
perature of the undisturbed site monitoring borehole with a
depth of 16m is not affected by the embankment. Two
embankment monitoring boreholes with a depth of 20m are
located on both sides of the embankment, which are used to
monitor the temperature of the embankment and the soil on
the sunny side and the shady side, respectively. In these
boreholes, temperature sensors are distributed every 0.5m
from 0m to 10m depth and every 1m below 10m depth.
(ese temperature sensors are made by the State Key
Laboratory of Frozen Soil Engineering with an accuracy of
±0.05°C. (e ground temperature data is automatically
collected by the data logger (DT500) once a day. In the
analysis of this paper, the ground temperature used is the
monthly mean value obtained by averaging daily data.

2.3. Observational Results. Figure 4 shows the change pro-
cess of ground temperature on the sunny side and shady side
of the embankment from 2006 to 2019. It is found that there
are differences in their thermal regimes between the two
sides. First, since 2006, the ground temperature on the sunny
side has been higher than that on the shady side at the same
depth. (e most representative one is the depth of PTon the
sunny side that is more than 5m, which is deeper than that
on the shady side. Second, the depth variation of different
isotherms indicates that the temperature variation rate of
permafrost on both sides of the embankment is different. In
Figure 4(a), the −0.1°C isotherm declined from 7.67m in
2006 to 10.13m in 2019, with a decrease of 2.46m. And in
Figure 4(b), the −0.2°C isotherm has increased from 6.75m
in 2006 to 6.40m in 2019, which is only a change of 0.35m.
In addition, the 0°C isotherm on the sunny side declined
from 7.69m in 2006 to 9.18m in 2019, while the 0°C iso-
therm on the shady side rose from 5.03m in 2006 to 4.48m
in 2019. (e change of 0°C isotherm indicates that the depth
of the PT on the sunny side increases by 1.49m while the
depth of the PT on the shady side decreases by 0.55m. (e
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change of the above isotherms shows that the ground
temperature in the shallow permafrost (with a depth of less
than 10m) on the sunny side increases significantly, while it
decreases slightly on the shady side.

Figure 5 shows the ground temperature at different
depths when the annual maximum melting depth occurs
from 2006 to 2019, with an interval of three years. Affected
by the drastically changing external environment temper-
ature, the ground temperature in the active layer has no
obvious regularity. (e permafrost layers on the sunny and
shady sides of the embankment showed different changes
from 2006 to 2018. On the sunny side of the embankment,
the permafrost is in the process of warming in both the
shallow and deep layers (with a depth of greater than 10m),

and the warming range is between 0.05°C and 0.22°C
(Figure 5(a)). Although the warming range decreases with
the increase of depth, the temperature of permafrost above
18m is warming up significantly, all of which are greater
than 0.1°C. On the shady side of the embankment, the upper
permafrost temperature decreases while the lower perma-
frost temperature increases (defined the upper and lower
parts with a depth of 7m) (Figure 5(b)). Both the increase
and decrease of ground temperature are not greater than
0.1°C, which means that the thermal regime of permafrost is
stable on the shady side of the embankment.

To further investigate the embankment thermal regime
variation characteristics and the difference of ground tem-
perature between the sunny and shady sides, the ground
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temperature of permafrost at depths of 8m and 12m was
analysed, respectively, as shown in Figure 6. In 2006, there
was permafrost at 8m depth on the sunny and shady sides,
and the ground temperature is −0.13°C and −0.25°C, re-
spectively (Figure 6(a)). After 2006, the ground temperature
on the sunny side has gradually increased and reached above
0°C in 2017, which means that the soil here has been de-
graded to seasonal permafrost. (e mean annual tempera-
ture at 8m depth on the sunny side increased from −0.12°C
in 2006 to 0.01°C in 2019, with an increase of 0.13°C.
However, the ground temperature at 8m depth on the shady
side changes in stages. In the first stage, the mean annual
temperature decreased from −0.36°C in 2006 to −0.42°C in
2014. (en, in the second stage, the mean annual temper-
ature increased from −0.42°C in 2014 to −0.3°C in 2019.
From 2006 to 2019, the change of ground temperature on the
sunny side is only 0.06°C, which is twice less than that on the
sunny side. (e variation trend of ground temperature at

12m depth on the sunny side is similar to that at 8m, which
is continuously increasing (Figure 6(b)). (e mean annual
temperature on the sunny side increased from −0.37°C in
2006 to −0.22°C in 2019, increased by 0.15°C. (e ground
temperature on the shady side is basically stable, increased
by 0.06°C from 2006 to 2019. (e above analysis shows that
from 2006 to 2019, the permafrost on the sunny side has
undergone significant degradation, while the permafrost on
the shady side is relatively stable.

3. Numerical Simulations

Obtaining long-term ground temperature data is conducive
to further analyse the thermal performance of embankment
in permafrost regions. (erefore, based on the reasonable
simplification of K1068 + 750 embankment section of the
QTR, a heat transfer model is established to investigate the
thermal regime of the embankment under climate warming.
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3.1. Governing Equations. Previous study has shown heat
transport by convective heat transfer was only 1/100 to 1/
1000 of that by heat conduction in soil [29].(erefore, in the
heat transfer calculation, only the heat conduction of soil
and latent heat of ice-water phase change are considered,
and convection heat transfer is ignored. (e governing
equation of heat transfer calculation in embankment and soil
layer is as follows [30, 31]:

C
ezT

zt
�

z

zx
λezT

zx
  +

z

zy
λezT

zy
  , (1)

where Ce is the effective volumetric heat capacity of soil, λe is
the thermal conductivity of soil, T is the temperature, and
t is the time.

It is assumed that the heat capacity and thermal con-
ductivity of the materials do not change with temperature
outside the temperature range Tm±∆T where the phase
transition occurs. And within the temperature range of
phase transition, the latent heat of phase transition of the
water-bearing materials is simulated by the method of
sensible heat capacity, as shown in the following equations
[32]:
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Figure 6: Variation of ground temperature at 8m (a) and 12m (b) on the sunny and shady sides of embankment.
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where Cf and Cu are the volumetric heat capacities of the
materials in the frozen and the melting states, respectively; λf
and λu are the thermal conductivity of the materials in the
frozen and themelting states, respectively. L is the latent heat
per unit volume. (e influence of soil pores and solutes may
make the freezing temperature below 0 °C, which means that
the values of Tm and ∆T need to be determined in different
situations. In this study, the values of Tm and ∆T in the
calculation were 0°C and 0.5°C, respectively.

3.2. PhysicalModel. (e physical model of the embankment
is shown in Figure 7. Considering that the soil layer is
considered to be infinite in the longitudinal direction and no
heat transfer occurs, the 2D heat transfer model is estab-
lished in this study [23]. Above the natural surface, the
embankment can be divided into two parts: embankment fill
and ballast. Referring to the field measurement, the heights
of the two parts in the model are 2.8m and 0.5m, respec-
tively. Based on the thermal disturbance range of em-
bankment, the depth and horizontal width of the part under
the embankment in the model are set as 30m and 80m,
respectively. (e borehole data show that there is sandy soil
(0–3m), gravel soil (3–13m), and strongly weathered stone
(13–30m) under the natural surface. According to the
existing experimental results and geological data, the ther-
mal parameters of different materials in this model are
determined as shown in Table 1 [23, 33].

3.3. Boundary and Initial Conditions. (e upper thermal
boundary of the model is affected by various factors such as
external environmental temperature and solar radiation.(e
difference in thermal characteristics can divide the upper
boundary conditions of the model into natural ground
surface (AB and IJ), sunny slope surface (BCDE), shady
slope surface (FGHI), and top surface of embankment (EF).
(e simplified ground temperature change process at the
upper boundary can be described as follows [34]:

T � T0 + A sin
2πt

8760
+ φ  + R0t, (4)

where T is the boundary surface temperature; T0 is the
mean annual temperature of the boundary surface; A is the

annual amplitude temperature of the boundary surface; φ is
the initial phase angle, which is π/2 in this model; R0 is the
rate of climate warming; and R0 in this model is taken as
0.052°C/8760 h according to the conclusion of the tem-
perature increase of 2.6°C in the next 50 years studied by
Qin et al. [35]. Based on the adherent layer theory, the
values of T0 and A are determined by analysing field
monitoring data and referring to previous studies as shown
in Table 2 [13, 36].

(is model also includes the wall boundaries on the left
and right sides (AL and JK) that are considered adiabatic and
the bottom boundary (LK) with a heat flow of 0.06W/m2

[37].
Assuming that no embankment is built above the natural

ground surface and the climate warming rate R0 is 0,
equation (4) is used as the upper boundary condition to
calculate for 50 years until the ground temperature distri-
bution is stable. (e calculated result is taken as the initial
temperature field under the natural ground surface, and the
initial temperature inside the embankment is assumed to be
10°C.

In the first few years after the construction, the internal
temperature field of embankment is significantly affected by
the construction. (erefore, the starting time of this sim-
ulation is determined to be July 2006, when the embankment
construction had been completed for 4 years and the internal
temperature was basically stable.

3.4.Model Validation. With the above settings, the model is
used to simulate the change process of the ground tem-
perature distribution at section K1068 + 750 in the next 50
years. In order to validate the accuracy of the model, ground
temperatures of the section on the sunny and shady sides in
July 2012 and January 2013 when the surface ground
temperature was the highest and the lowest were selected
and compared, as shown in Figure 8. (e complex envi-
ronmental factors and simplification of boundary conditions
make the simulated ground temperature andmeasured value
have errors in the active layer, which is most significant on
the sunny side in July 2012 (Figure 8(a)). As shown in
Figures 8(a)–8(d), the simulated values of the ground
temperature in the permafrost layer on both sides of the
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embankment agree with the measured values, which indi-
cates that the model can be used to simulate the changes of
the permafrost under section K1068 + 750.

3.5. Numerical Results. Figure 9 shows the ground tem-
perature distribution of embankment at different times
calculated by the model. Based on the analysis of the ground
temperature distribution under the embankment in 2022,
which is 20 years after the embankment construction, it is
found that the ground temperature under the embankment
is significantly higher than that at the same depth of un-
disturbed site (Figure 9(a)). For example, there is an un-
frozen zone surrounded by 0°C isotherm under the
embankment, while the undisturbed site soil at the same
depth is frozen. In addition, the depth of the −0.4°C and
−0.5°C isotherms under the embankment in the figure is
greater than that of the undisturbed sites on both sides,
which also indicates that the ground temperature under the

embankment is higher. It can also be found in Figure 9(a)
that the ground temperature on the sunny side of the
embankment is higher than that on the shady side. An
obvious feature is that the unfrozen zone surrounded by the
0°C isotherm under the embankment mentioned above is
closer to the sunny slope. And the −0.4°C and −0.5°C iso-
therms are also deeper on the sunny side.

Comparing Figures 9(a)–9(f) (corresponding to the
20th, 25th, 30th, 35th, 40th, and 50th year after the em-
bankment construction, respectively) showed that the
ground temperature under both the undisturbed site and the
embankment increased year by year.(e 0°C isotherm of the
undisturbed site declined from 5.47m in 2022 to 10.50m in
2052, with a decrease range of 5.03m (the depth is calculated
from the top surface of the embankment). (e 0°C isotherm
under the center of the embankment has declined from
2.51m in 2022 to 12.95m in 2052, with a decreasing range of
10.44m. Similarly, the isotherms of −0.2°C, −0.4°C, and
−0.5°C decrease greatly. (e change of the above isotherms
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Figure 7: Physical model profile of section K1068 + 750. I: ballast; II: embankment fill; III: sandy soil; IV: gravel soil; V: strongly weathered
stone.

Table 1: (ermal parameters of different materials in the model.

Properties ρ (kg·m−3) Cf (J·m−3·°C−1) Cu (J·m−3·°C−1) λf (W·m−1·°C−1) λu (W·m−1·°C−1) L (J·m−3)
Ballast 2100 1.006×106 1.006×106 0.346 0.346 0
Embankment fill 1980 3.781× 106 4.415×106 1.98 1.91 2.04×107

Sandy soil 1900 2.329×106 2.561× 106 2.61 1.92 2.26×107

Gravel soil 1400 1.434×106 1.756×106 1.63 0.93 2.30×107

Strongly weathered stone 1700 3.138×106 3.568×106 1.82 1.47 3.81× 107

Note. ρ is the density of the material; L is the latent heat per unit volume.

Table 2: Temperature parameters of upper boundary condition.

Variables T0 (°C) A (°C)
Natural ground surface −0.5 10
Sunny slope surface 1 12
Shady slope surface −1.2 13
Top surface of embankment 0.38 14.5
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in Figure 9 also indicates that the increase of ground
temperature under the embankment is greater than that of
the undisturbed site from 2022 to 2052.

To explore the process of permafrost warming under the
embankment and the difference of ground temperature
between the sunny and shady sides in more details, the
simulated changes of ground temperature at different depths
were analysed from 2020 to 2050, as shown in Figure 10.(e
temperature profile on October 15 was selected for analysis
because it reached the annual maximum melting and the

permafrost under the embankment had the worst thermal
stability. On the sunny side of the embankment, the PT
declined from 6.52m in 2020 to 12.61m in 2050, with a
decline range of 6.09m (Figure 10(a)). (e permafrost be-
neath the embankment continued warming from 2020 to
2050. And the same as the monitoring results of ground
temperature from 2006 to 2019, the warming range de-
creases with the increase of depth. (e ground temperature
near the original permafrost table (at 7m depth) increased
by 1.41°C. At the depth of 15m, the ground temperature
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Figure 8: Simulated and measured temperature values at different depths on the sunny and shady slope. (a) Sunny shoulder Jul. 2012.
(b) Sunny shoulder Jan. 2013. (c) Shady shoulder Jul. 2012. (d) Shady shoulder Jan. 2013.
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increased by 0.24°C from 2020 to 2050. (e analysis of
ground temperature change on the shady side of embank-
ment shows that the PT declined from 4.05m in 2020 to
10.24m in 2050, with a decline range of 6.19m
(Figure 10(b)). (e permafrost on the shady side is also
warming and the range of warming decreases with in-
creasing depth. At a depth of 7m, the ground temperature
increased by 0.82°C, which was significantly less than that at
the sunny side. At a depth of 15m, the ground temperature
on the shady side increased by 0.21°C, which is smaller than
that on the sunny side. Changes in permafrost thickness
(corresponding to changes in the PT) and temperature both
indicate that permafrost degradation is faster on the sunny
side.

It is worth noting that there is an obvious difference
between the simulated depth of the PT 6.52m in 2020 and
the measured depth of the PT 9.18m in 2019. (e reason for
this phenomenon is that the PT is significantly affected by
the active layer above it, which fluctuates greatly in tem-
perature. However, as has been verified above, this

phenomenon mainly occurs in the shallow layer, and the
results obtained by the simulation are generally reliable.

4. Discussion

Both human activities and environmental changes can affect
the thermal state of permafrost and cause permafrost deg-
radation. (e degradation of permafrost in the undisturbed
site is mainly caused by the continuous warming of the
climate, while the degradation of permafrost under the
embankment is affected by both engineering activities and
climate warming. (e influence of climate warming on
permafrost is mainly determined by geological conditions
and surface factors such as vegetation conditions [38]. (e
engineering activity of embankment construction not only
changes the original natural surface, but also affects the
water-heat balance of soil [39–41]. (erefore, the degra-
dation rate of permafrost under embankment is generally
much faster than that of permafrost in the adjacent un-
disturbed site [42]. (is conclusion has also been verified in
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Figure 9: Simulated ground temperature distribution of embankment (unit: °C). (a) 2022/7/1. (b) 2027/7/1. (c) 2032/7/1. (d) 2042/7/1.
(e) 2037/7/1. (f ) 2052/7/1.
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the simulation results of this study. For example, from 2022
to 2052, the decreasing depth of 0°C isotherm in the center of
embankment is twice that of the undisturbed site, as shown
in Figure 8.(emonitoring and simulation results show that
the permafrost degradation occurs in the undisturbed site
and the embankment at section K1068 + 750 at different
rates.

(e difference of solar radiation on both sides of the
subgrade determined by the direction of the embankment
results in the uneven degradation of permafrost under
permafrost [43–45]. (e study shows that in the northern
hemisphere, the temperature difference in the embankment
with east-west orientation is the largest, and that with south-
north orientation is the smallest, while K1068 + 750 is close
to northeast-southwest orientation [46, 47]. (erefore, on
section K1068 + 750, although the embankment is geo-
metrically symmetric, the distribution of ground tempera-
ture on the sunny side and the shady side is different. From
2006 to 2019, the permafrost under the sunny side of the
embankment has degraded significantly, characterized by
the temperature increase of the permafrost above 18m by at
least 0.1°C and the PT declined by 2.46m (Figure 4).
However, the permafrost temperature changes under the
shady side are more complicated. (e temperature of the
upper permafrost (defined the upper and lower parts with a

depth of 7m as before) is relatively stable and even the PT is
rose due to less solar radiation. (e lower permafrost of the
shady side warmed but only slightly. (e consumption of
cold storage in the lower permafrost is the prerequisite for
the thermal stability of the permafrost of the shady side,
which means that this stability is not sustainable [48]. In the
future, continued climate warming will eventually lead to the
degradation of permafrost on the shady side, whether in
upper or lower layers. (e simulation results show that from
2020 to 2050, the depth of the PTwill increase by more than
6m under both the sunny and shady sides of the em-
bankment, and the MAGTwill increase by more than 0.2°C.
For the embankment with unstable thermal regime, such as
section K1068 + 750, strengthening measures should be
taken in time, which can not only slow down the degradation
of permafrost under the embankment but also adjust the
asymmetry distribution of ground temperature on the sunny
and shady sides. Studies have shown that crushed rock
revetment, thermosyphons, and their composite forms,
which can change the thermal convection between em-
bankment and external environment, are the most com-
monly used andmost effective strengtheningmeasures along
the QTR [21, 42, 49, 50]. (e asymmetric setting of these
measures can also help to change the uneven distribution of
temperature on the sunny and shady sides of the
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Figure 10: Simulated ground temperature profiles on Oct. 15th at the sunny shoulder (a) and the shady shoulder (b).
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embankment, so as to avoid the formation of longitudinal
cracks. Spraying materials with high albedo or putting the
awning on the sunny slope of embankment can also slow
down the warming of the permafrost on the sunny side by
adjusting the radiation [46, 51].

5. Conclusion

In this study, the thermal regime of section K1068 + 750 was
analysed by monitoring data, and the ground temperature
change process of this section under climate warming was
simulated by establishing a 2D heat transfer model. Based on
the results, the degradation characteristics of permafrost
under the embankment were studied. Furthermore, the
unevenness of ground temperature caused by the sunny-
shady slope effect was discussed. (e following conclusions
can be drawn:

(1) Since the operation of the QTR in 2006, the per-
mafrost under section K1068 + 750 has been
degrading. (e combined effects of engineering
activities and climate warming make the degradation
rate faster than that of undisturbed sites. (is in-
dicates that the traditional embankment cannot
maintain its thermal stability in such a badly unstable
warm permafrost region.

(2) (e asymmetry of solar radiation makes the deg-
radation rate of permafrost on the sunny side and the
shady side of the embankment different. On the
sunny side, where radiation is stronger, the per-
mafrost has been in a process of degradation since
2006, with the PT declining and the temperature
increasing. On the shady side of the embankment,
the thermal regime of permafrost is relatively stable
in the first few years, but the simulation results show
that the permafrost will eventually degenerate. For
the section with insufficient stability, strengthening
measures should be taken as soon as possible to slow
down the warming of permafrost and adjust the
ground temperature distribution on the sunny and
shady sides.
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Winter construction in seasonally frozen soil areas is inevitable. *e variation of ambient temperature causes the freeze-thaw of
the filling soils and its impact is significant, and whether the countermeasures can be effectively established and adopted is
particularly important for the management and control of the construction quality of the project. *is paper conducts systematic
research based on the winter construction process of the dam core wall of the Lianghekou Hydropower Station, which is the third
highest earth-core rockfill dam in the world under construction. *e results show that for the construction site in the seasonally
frozen soil area, there is a development process of the short-term frozen soils for the filling soils under the environment with low
temperature in winter. *e soil underwent a high-frequency freeze-thaw process wherein it was frozen at night and completely
thawed during the day. During the freezing process, a large number of thin-layered segregated ice developed inside the soil to form
a thin-layered or integral cryostructure, which will have an adverse effect on the engineering properties and the quality of the
filling soils. And, the field tests demonstrate that the filling compaction degree of the frozen soils is difficult to meet the designed
requirements. In order to effectively cope with the adverse effect of the freeze-thaw on the construction quality during the
construction process, based on the analysis of the freeze-thaw characteristics of soils and its influence, and the energy exchange
process of soils on-site, the principles and methods for establishing the freeze prevention system during the winter construction
process are established, and a comprehensive monitoring system suitable for on-site is established in this paper.*is research will
provide an important reference for the scientific management and efficiency improvement of the winter construction process of
the dams in cold regions.

1. Introduction

*e freeze-thaw process and freezing duration of soils are
closely related to air temperature in the frozen soil regions
[1–3]. Studies have found that air temperature, ground
temperature, andmoisture content of soils are themain factors
that affect the initial freeze-thaw time of the active layer [4] and
the speed of the freeze-thaw process of soils [5]. In the process
of engineering construction, the freeze-thaw process of soils

and the frost heave and thawing sedimentation have seriously
affected the stability and safe operation of the engineering
structures [6, 7]. *e freezing process of soils is often ac-
companied by shrinkage and expansion, water absorption and
dehydration, and compaction processes, leading to the
complex stress conditions and shear failure of soils [8]. *ey
have a significant impact on the microscopic structure of soils,
will change the permeability, strength, and mechanical
properties of soils [9–15], and will affect the filling quality,
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permeability, and stability of the project. In order to avoid the
adverse impact of the freeze-thaw process of soils on the
project, different measures have been taken for freeze-thaw
prevent and control. For example, controlling the temperature
during the pouring process, using different thermal insulation
materials for heat storage, or active heating [16], or adopting
thin paving and dry grinding (the thickness of the loose paving
soils is about 60 cm) for the freeze prevention and control [17].
For example, during the construction of the Xiaolangdi Dam
and the Shuiniujia Hydropower Station Dam in the low-al-
titude regions, in order to cope with the adverse effects of the
winter construction, the main measures were to control the
temperature and moisture content of soils, fill soils by district,
and quickly pave, quickly compact, and quickly monitor the
soils [18, 19]. At the same time, during different construction
periods, sealing treatment was done by flat rolling surface
calendaring and covering the thermal insulationmaterials, and
two layers of gravelly soil were used as the thermal insulation
layer during the period that the construction stopped [19].

However, there are few researches regarding the freeze-
thaw of soils and the freeze prevention and control problem
during the filling process of the high earth-core rockfill dams
in the high-cold and high-altitude seasonally frozen soil areas.
*erefore, with the development of water conservancy and
hydropower resources and the vigorous development of the
project in high-altitude areas in western China, it is important
to study the variation of freeze-thaw and engineering char-
acteristics of soils during the freezing period, and to develop
effective freeze prevention and control measures. And, this
research will provide the theoretical basis and technical
support for solving the problem of engineering frozen soil,
improving the construction efficiency of the project in winter,
and ensuring the filling quality of the project.

2. Engineering Background

*e Lianghekou Hydropower Station is located on the main
stream of the Yalong River in Yajiang County, Ganzi Tibetan
Autonomous Prefecture, Sichuan Province, China. It is the
“Leading” reservoir in the middle and lower reaches of the
Yalong River, and is a controlling reservoir power station
project of the cascade power stations in themiddle and lower
reaches of the Yalong River. It belongs to the gravelly earth-
core rockfill dam with a maximum height of 295m, and is
the second highest earth-core rockfill dam under con-
struction in China and the third highest in the world. *is
region belongs to a typical high-cold and high-altitude re-
gion with the development of flakes and islands permafrost
and seasonally frozen soil, and the seasonally freeze-thaw
effect is strong [20–22].*e average elevation of the dam site
is close to 3000m, the winter of this region is from late
November to the early March of the following year with
short sunshine duration, and the climate is cold and dry.*e
annual average air temperature in the dam site is about
10.9°C, and the extrememinimum air temperature can reach
up to −15.9°C. Since the filling of the dam core wall in
November 2016, there are short-term and high-frequency
freeze-thaw cycles in winter. *e soil basically freezes at
night and thaws during most period of the daytime, which

seriously affects the filling speed and quality of the soils in
the dam core wall. *e interior of the dam core wall is filled
with gravelly soil, and the contact region on both sides
between the gravelly soil and the concrete cover is contact
clay (the horizontal width is 4m). Gravelly soil is a mixture
of silty clay and gravel with a certain particle size in the ratio
of 6 : 4, the mass moisture content is about 8.1%, and the
corresponding dry density is about 2.2 g/cm3. *e filling
mass moisture content and dry density of contact clay are
about 16.8% and 1.81 g/cm3, respectively.

During the construction of the dam core wall in the
winter of 2016–2018 (November to March of the following
year), the meteorological conditions, the freeze-thaw process
of gravelly soil and contact clay were monitored in detail on-
site. At the same time, the relationship between the stacking
process of soils and ground temperature of soils, the in-
fluence of each work flow and time nodes in the construction
process on the freeze-thaw process of soils, and the freeze
prevention and control measures and their effectiveness
were investigated in detail.

3. Changing Characteristics and Impacts of the
Freeze-Thaw of Soils

During the filling process of the dam in winter, the freeze-
thaw mainly affects the construction links of the dam core
wall. In the environment with negative temperature, the
analysis of the variation of the freeze-thaw of soils is helpful
to understand the freeze-thaw characteristics of soils, and
the analysis of the cryostructure characteristics generated
inside the soils is beneficial to understand the reason of the
variation of the engineering properties of soils under the
effects of freeze-thaw.

3.1. Observational System. In order to monitor the data of
the meteorological conditions, the ground temperature of
gravelly soil and contact clay in the dam core wall and other
different sites in the dam, the observational systems of the
meteorological and the ground temperature of soils have
been established at different sites of the dam. In order to
avoid mutual interference between the engineering con-
struction and observational process, and at the same time to
obtain continuous and true observational data on-site, the
meteorological observational system adopted a mobile
weather observational station, that is, the weather station can
move in a certain range of the center region of the dam core
wall according to the construction process and the con-
struction conditions of machines on-site, and the weather
station was always in working condition. *e observational
contents of the weather station included the conventional
observational items such as wind speed and direction, air
temperature, total solar radiation, and precipitation. *e
ground temperature observational system was mainly
arranged in the region where the contact clay and gravelly
soil were stopped filling, conducted alternately and con-
tinuously at intervals of multiple days. *e schematic dia-
gram of the ground temperature observational system of
gravelly soil and contact clay with and without covering the
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thermal insulation materials on the surface of the dam core
wall is shown in Figure 1.*e ground temperature probe was
a thermistor temperature sensor (the accuracy is 0.01°C), and
the interval of the observational depth from the ground
surface to 12 cm was 3 cm; the intervals from 12 cm to
100 cmwere 8 cm, 14 cm, 26 cm, and 40 cm, respectively.*e
temperature data were collected by the CR3000 data logger
(Campbell Scientific, Inc., U.S.), and the time interval was
10min.

3.2. Changing Process of Air Temperature in the Winter
ConstructionPeriod. Figure 2 shows the changing process of
air temperature with time in the dam core wall at an interval
of 10min from November 22, 2016, to February 28, 2017. In
order to analyze the variation characteristics of air tem-
perature within one day (24 h) in the winter observational
period, the data of air temperature in the dam core wall from
20:00 on January 15th to 20:00 on January 16th, 2017, is
selected for analysis. *e daily changing process curve of air
temperature on the coldest day of the winter is shown in
Figure 3, and it typically represents the daily variation
characteristics of air temperature in winter. It can be found
from Figure 3 that air temperature is negative at night,
reaching a certain value of negative temperature and con-
tinuing for a period, while the temperature is positive during
the rest of the period. In addition, it can be seen from
Figure 2 that air temperature is negative on most of the
nights, so the soils will basically freeze on most of the nights.

Table 1 shows the statistical results of air temperature
and the maximum frozen depth of the compacted gravelly
soil without covering the thermal insulation materials in
different periods. It can be seen from the table that from
early December to early February of the following year, the
frequency of the occurrence of negative air temperature at
night, about 88%, is the largest. *erefore, the freezing
phenomenon of soils mainly occurs during this period.
However, from late November to early December and mid-
to-late February of the following year, both the frequency of
the occurrence of negative air temperature and the freezing
of soils are relatively low. At the same time, the statistics of
the maximum frozen depth of the compacted gravelly soil
that were observed on-site during the corresponding period
with different daily minimum air temperatures is shown in
Table 1. It can be seen from Table 1 that during the ob-
servational period, when the daily minimum air temperature
is below −5°C, the maximum frozen depth of gravelly soil
can reach up to about 19.7 cm.

3.3. Variation of Freeze-:aw and Its Effects on the Soils.
As the variation of ambient temperature, the effects caused
by the freeze-thaw of soils are mainly manifested in the
formation of cryostructure inside the soils, and the variation
of the engineering properties of the soils.

3.3.1. Formation of Cryostructure inside Soils and Its
Influence. During the winter construction of the dam,
under the effect of the negative air temperature, and during

the freezing process of the filling soil from the ground
surface downward, not only the ground surface was frozen
but also the moisture inside the soil migrated to the freezing
front, aggregated, and coagulated, resulting in the relative
spatial arrangement of the solid components such as soil
particles, segregated ice in the frozen soil, that is, cry-
ostructure [23]. Under the on-site environmental condi-
tions, the contact clay frozen at a depth of about 10–15 cm,
and mainly developed the thin segregated ice with the
thickness of about 1 mm, further formed a thin-layered
cryostructure (Figure 4). Gravelly soil mainly formed the
integral cryostructure with integral freezing and without
obvious development of segregated ice inside, and it was
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Figure 1: Schematic diagram of the ground temperature obser-
vational system.
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Figure 2: Variation of air temperature of the dam core wall from
November 22, 2016, to February 28, 2017.
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more prominent in the compacted soils (Figure 5). As the
ambient air temperature rises, the ice interlayer in the
frozen soil will thaw and the moisture will dissipate.
However, for the filled soils that have been compacted,
firstly, for the soils affected by freeze-thaw, during the
process of the moisture migration and the formation of ice
interlayer, 9% volume expansion due to the water-ice phase
transition will increase the volume of frozen soil, which will

further lead to the decrease of the compaction degree of the
compacted filling soils, thus deviating from the quality
requirements of the project. Secondly, the horizontal per-
meability and the filling quality of the soils in the dam core
wall will be affected by the unidirectional freeze-thaw cycle
from the ground surface downward.

Table 1: Statistical results of air temperature and the maximum frozen depth of the compacted gravelly soil without covering the thermal
insulation materials.

Stage Period

*e number of days (day)
Frequency of the

occurrence of negative
air temperature (%)

Total number
of days (day)

Daily minimum air
temperature (°C)

0∼−3 −3∼−5 <−5
Stage 1 16/11/22–16/12/3 12 3 0 0 25
Stage 2 16/12/4–17/2/6 65 30 23 4 88
Stage 3 17/2/7–17/2/18 19 4 1 0 26
*e maximum frozen depth of
gravelly soil (cm) 14.2 16.0 19.7
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Figure 3: Variation of air temperature of the dam core wall with time from 20:00 on January 15th to 20:00 on January 16th, 2017.

(a) (b)

Figure 4: Photograph of the thin-layered cryostructure inside
contact clay on-site.

(a) (b)

Figure 5: On-site rolling and compacting test of gravelly soil
during the winter construction process (a) and the frozen soil block
that is difficult to compact (b).
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3.3.2. Impacting of Freeze-:aw on the Engineering Properties
of Soils. *e basic physical properties of soils will change
after freeze-thaw [24–26], which will further change the
engineering properties of soils [27–30]. Under the influence
of freeze-thaw, the density of the compacted soil decreases,
the void ratio of soil increases, and the permeability coef-
ficient of soil increases by about 1 to 2 orders of magnitude
[31–33]. *e results of laboratory mechanical tests on dif-
ferent types of soils show that in an environment with low
temperature, the strength of soils after being frozen is higher
than that of soils before being frozen, and as the temperature
continues to decrease, the compressive strength of soils
continues to increase [27, 34, 35]. In order to further verify
the influence of frozen soil on the compaction degree of the
filling soil, the field rolling and compacting test of the frozen
soil was carried out in the winter of 2016 (Figure 5). *e
convex block rolling and compacting machine (Hunan Sany
Road Machinery Co., Ltd., China) was used to perform
vibration rolling and compacting 10 times according to the
normal process, and then the detection of the field com-
paction degree index was carried out. Firstly, it was found
through detecting that after the frozen soil was rolled and
compacted, although the larger frozen soil blocks on the
surface were significantly reduced, there were still a large
number of small frozen soil blocks, and there were still some
frozen soil blocks with a diameter of about 10 cm at the
bottom of the compacted layer. Secondly, the detecting data
(Table 2) of the compaction degree of the gravelly soil after
being rolled and compacted show that under the condition
that both the moisture content and dry density of the soil
remain basically unchanged, the compaction degree of the
specimen is far less than or far away from the compaction
degree requirement of 99%, and the minimum compaction
degree of one of the specimens is only 85.1%.*e field rolling
and compacting test in winter proves that in this case, as the
soil freezes and the compressive strength increases greatly,
the compaction degree of the soil is difficult to meet the
actual needs on-site.

4. Basic Analysis of the Freeze Prevention and
Control of Soils

It can be seen from the above analysis that the freeze-thaw
will have an important impact on the engineering properties
and quality of the filling soils. *erefore, the effective or-
ganization of the winter construction process of the dam and
the control of key links are particularly important for the
improvement of field work efficiency. *e analysis of the
variation and mechanism of the freeze-thaw of soils can
provide a theoretical basis for the establishment and se-
lection of various subsequent prevention and control
measures of freeze-thaw.

4.1. Freeze-:aw Process of Soils On-Site. Figure 6 shows the
changing process of the ground temperature of gravelly soil
on-site from 20:00 on January 15th to 20:00 on January 16th,
2017. *e vertical axis is from the ground surface to the
observational depth, and the horizontal axis is the

observational time. *e contour in the figure is the ground
temperature isotherm, the zone enveloped by 0°C isotherm is
the changing range and process of the freezing of soil in the
depth direction with time, and the rest are the unfrozen
zone. As can be seen from the figure, the freezing process of
gravelly soil is mainly manifested as unidirectional freezing
process that starts from the ground surface and is contin-
uously deepening, while the thawing process is manifested as
a bidirectional thawing process that mainly thaws from the
ground surface downward, and secondly thaws from the
bottom of the frozen layer upward. In this paper, the daily
freezing duration of gravelly soil refers to the time interval
between the start and end freezing time of soil. *e daily
thawing duration refers to the time interval between the start
thawing time and the total thawed time of soil. *e freezing
duration is relatively long and occupies most of the duration
of the freeze-thaw process of soil, while the thawing duration
is relatively short. At the same time, it is found through the
statistical analysis of the data that the start thawing time for
the frozen soil is generally about 9:00 to 10:00, and the latest
thawing time is about 12:00. *e duration varies according
to the frozen depth of soil and the environmental conditions.

Figure 7 shows the variation of daily thawing duration of
the compacted gravelly soil without covering the thermal
insulation materials on the dam core wall from December
18, 2016, to February 22, 2017. *e observational data show
that the frozen soil could completely thaw after the ground
surface begins to thaw for about 3 h in the morning of the
coldest period in winter. *erefore, it can be seen from the
spatial and temporal change characteristics of soils that
during the thawing process, the thawing of the ground
surface does not mean that the frozen soil has completely
thawed. It should be combined with the observational data
of the on-site ground temperature to control the start time of
construction in the dam core wall during the daytime, so as
to avoid a situation wherein the soil is difficult to compact
due to the existence of the frozen soil blocks inside the soil
after the construction starts, which will affect the filling
quality of the project.

4.2. :e Effect of Freeze-:aw on Different Types of Soils.
Although some studies have shown that the freeze-thaw will
affect the engineering properties of soils and change the soil
structure, the arrangement, and connection of soil particles
[25], resulting in a significant weakening of the shear
strength of soils [36, 37], the moisture content, low tem-
perature, and action time are the main impacting factors
[38]. In these studies, the freeze-thaw test conditions mostly
with different low temperatures below −5°C, ten times to a
dozen number of freeze-thaw cycles, and relatively high
moisture content of soil. However, it is necessary to pay
attention to the significant difference between the indoor test
and the actual situation on-site, or how to correctly refer to
the indoor research results in the engineering practice.
Firstly, the moisture content of gravelly soil is only about
8.1%, and the number of days when the daily minimum air
temperature is below −5°C is very limited at the Lianghekou
construction site. Secondly, when the minimum ground

Advances in Materials Science and Engineering 5



temperature is reached, the freezing duration of soil is
relatively short. It can be seen from Figure 6 that during the
14 h freezing period of soil, the duration of the ground
surface temperature that reaching the lowest temperature of
− 4.5°C is only about 2 h. And in most of the period, the
ground temperature is about −2°C. *irdly, the thickness of
the frozen soil layer that reaches the low temperature is
relatively thin. *e depth of the surface soil with the ground
temperature below −4°C is only about 2 cm (Figure 6), which
accounts for about 10% of the frozen depth of 19.7 cm. In
order to further verify the influence of the freeze-thaw

process on the engineering properties of soils, relevant on-
site and indoor tests were carried out during the con-
struction process of the Lianghekou Hydropower Station in
the winter of 2017, and the test results were consistent.
Figure 8 shows the stress-strain relationship curves of
gravelly soil with the initial moisture content of 9.0% after
different numbers of freeze-thaw cycles at the cooling
temperature of −5°C and then compacted indoor. It can be
seen from the figure that after gravelly soil underwent
different numbers of freeze-thaw cycles and then compacted,
when the number of freeze-thaw cycles is less than 5, the
variation of the strain of the soil specimens is small under the
same stress condition. It indicates that under the condition
that the minimum air temperature is higher than −5°C and
the number of freeze-thaw cycles is less than 5, the me-
chanical properties, permeability, and other engineering
properties of gravelly soil after freeze-thaw cycles and then
compacted will not affect the quality of the project. Due to
space limitations, the permeability of gravelly soil is not
analyzed here. Secondly, for the loose gravelly soil, due to the
relatively large space between soil particles and small
moisture content, the amount of moisture migration in the
soil is small and the development of cryostructures is rel-
atively limited after freezing. After the soil completely
thawed, the limited residual cryostructure can be completely
eliminated through the mutual dislocation and the rear-
rangement of soil particles during the rolling and com-
pacting process of large machines. *erefore, during the
period that the construction stops at night, it is a feasible and
efficient way to cover the loose soils on the compacted soils,
which is conductive to the rapid construction on-site. Re-
ducing according to the conventional safety coefficient of the
project, which indicates that as long as the frozen depth of
soils does not exceed 60% of the thickness of the loose soil
layer under the limited numbers of freeze-thaw cycles on-
site, the method of covering the loose soil can be adopted.

However, for the compacted gravelly soil and contact
clay, attention should be paid to the occurrence of the
freezing of soils. Firstly, after the gravelly soil is compacted
by the machine, the porosity of soil reduces greatly and the
connection between the fine particles becomes closer (Fig-
ure 9), which results in good connectivity between the
capillary water in the pores and the bound water in the outer
layer of the particles. Under freezing conditions at night,
large amount of unfrozen moisture migrates to the frozen
front and it is easy to form an integral horizontal layered
segregated ice, causing separation between soil layers, and its
residual structure is easy to change the integral permeability.
*erefore, the compacted gravelly soil should avoid the
occurrence of the freezing phenomenon. Secondly, for
contact clay, due to the large filling moisture content of

Table 2: Basic indicators after being field rolled and compacted of the filled gravelly soil.

Number Air temperature
(°C)

Measured moisture
content (%)

Optimum moisture
content (%)

Dry density
(g/cm3)

Dry density control value
(g/cm3)

Compaction
degree (%)

5Yc2-1 −1.3 10.6 9.0 1.99 2.083 94.0
5Yc2-2 −2.2 10.5 9.1 1.95 2.105 92.3
5Yc2-3 −4.9 9.5 9.1 2.04 2.095 85.1
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about 17%, it is easy to form a layered cryostructure under
on-site freezing conditions (Figure 4), and considering the
small proportion of contact clay on-site, the occurrence of
the freezing phenomenon of the filled contact clay should
also be avoided.

4.3. Utilization and Control of the Energy Exchange Process of
Soils. Frozen soil has temperature below 0°C and contains
ice, which is the result of heat exchange between the soil and
the external environment. *e formation of the frozen soil is
firstly due to the continuous loss of heat energy inside the
soil and the continuous drop in temperature. Secondly,
when the water-ice phase transition process of soil around
0°C is completed and accompanied with the release of the

large amounts of heat (the latent heat of water phase change
is 335 kJ/kg), as well as the free water in the soil is compeletly
frozen, the soil changes from the thawing state to the frozen
state [7, 39, 40].*us, the circulation continuously drives the
freezing of the underlying soil and the deepening of the
frozen depth (Figure 6). At the same time, the heat capacity
of the filling soil affected by factors such as temperature,
compaction degree, and moisture content are the basic
conditions for the inherent variation of soil, while the in-
terface state between the ground surface and atmosphere
(roughness of the soil surface, whether there is soil blocker,
etc.) is the important external factor that affects the strength
of their interaction. Among them, the inherent and external
factors can be manually intervened and controlled during
the winter construction process. For example, it is possible to

(a) (b)

Figure 9: Photograph of gravelly soil before and after being compacted. (a) Loose gravelly soil. (b) Compacted gravelly soil.
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increase the temperature of the incoming soil, or maintain
and slow down the cooling process of the compacted soil.
*e surface layer is covered with thermal insulation mate-
rials, for actively controlling the temperature of the surface
layer and preventing the soils from freezing through the
energy supplement methods. And, by increasing the
moisture content of the surface layer, extending the duration
to complete the water-ice phase transition process around
0°C is a feasible theoretical basis for freeze prevention and
control.

5. Establishment of the Freeze Prevention and
Control System of Soils

*e establishment of the freeze prevention and control
system mainly includes the principles, methods, and
implementation approaches of prevention and control, as
well as the monitoring systems, and which should be able to
play an effective role in the actual projects.

5.1. Establishment of the Prevention and Control Principles.
*e establishment of the prevention and control principle of
dam construction in winter is the foundation of various
prevention and control works, and it will also have an
important impact on the construction efficiency and filling
quality. *rough the continuous analysis and summary of
the prevention and control principles during the three
winter constructions of the Lianghekou Hydropower Sta-
tion, a set of principles and technical systems suitable for the
winter construction of dams in the seasonally frozen soil
areas in China have been explored and established.

In 2016, for the first time in the winter construction
process of the dam core wall of the Lianghekou Hydropower
Station, the requirements of “cannot freeze” for the filling
soils per the specification was followed [41]. And, the
construction principle of “the frozen soil cannot fill the dam
and the filled soil in the dam cannot freeze” was established,
that is, the soil mixed in the Canpeichang and the soil pulled
by the construction vehicles must not contain the frozen soil,
and all the filled soil in the dam core wall must not be frozen.
Based on this principle, under the environment with low
temperature, the soil mixed in the Canpeichang, during the
transportation process by vehicles and in the dam core wall
were all covered with the thermal insulation materials. And
in order to ensure that the filled soil will not freeze, adjusted
covering single-layer or double-layer thermal insulation
materials at anytime according to the monitoring situation
on-site. Under these kinds of construction conditions, for
the construction area of nearly 20, 000m2 of the dam surface,
it took a lot of time for manual covering and putting away
the thermal insulation materials, and the time taken for
covering and putting away the thermal insulation materials
was about 2 h and 3 h each day, respectively. *e dam core
wall was rectangular along the river in the initial stage of
filling the dam core wall. In order to save the time for
covering and putting away the thermal insulation materials,
the dam surface was divided into two halves (upstream and
downstream) along the direction perpendicular to the river

according to the on-site construction requirements, and
which carries out the construction alternately for a period of
several days as a cycle. However, in this case, the effective
construction duration was only about 9 to 10 h every day,
which caused the construction progress in the winter of that
year to fail to meet the requirements of the overall con-
struction progress. More importantly, due to the impact of
the energy exchange process of the filling soil, for the
compacted soil the surface has been covered with the
thermal insulation materials. And, as the soil has been in the
process of releasing heat and the temperature of the soil has
continued to decrease, the soil surface still was frozen under
the environment with relatively high air temperature in mid-
February, 2017.

In view of the problems that occurred during the con-
struction process in the winter of 2016 and 2017, through the
successful research on the large-scale equipment for cov-
ering and putting away the thermal insulation materials and
the significant improvement of efficiency, as well as the
understanding of the energy balance process of soils, the
principle of “fast construction” was further added based on
the above construction principles. And, by adopting the
construction measures of “the left and right banks were
covered with the thermal insulation materials by circulation
every day, and the upstream and downstream were sub-
divided into flow operations,” that is, the dam core wall was
divided into two halves of zones near the left and right banks,
and the filling was carried out in rotation and with the small
filling surface flow operation every day. *e operation ef-
fectively avoided the long-term placement of the compacted
soils and reduced the heat loss of the soils. *e on-site
ground temperature observational data show that since the
initial temperature of the soils is basically maintained at
6–8°C, the heat energy of the soils has been supplemented in
time during the circulation construction process every day.
Although the freezing index of air temperature of −1069°C·h
in the winter of 2017 is greater than that of −969°C·h in 2016,
and the daily minimum air temperature of −6.8°C in 2017 is
1.1°C lower than that of −5.7°C in the previous year, that is,
in the case of the relatively colder environmental conditions,
the frozen depth of gravelly soil becomes shallower without
covering the thermal insulation materials. Among them, by
comparing the observational data during the same coldest
period (January 9 to 14 of the following year), it can be seen
that during the same period, under the premise that the
negative accumulated air temperature of 2017 is greater than
that of the previous year, the frozen depth of gravelly soil
during the filling process in 2017 is reduced by about 50% on
average compared with that of the previous year (Figure 10).

Based on the abovementioned field and indoor tests and
the summary of experience, during the construction process
in the winter of 2018, further perfected and established were
the new construction principles, “the frozen soil cannot fill
the dam, the frozen soil cannot be rolled and compacted, the
soil after rolled and compacted cannot freeze, rapid con-
struction, timely coverage.” Among them, “the frozen soil
cannot be rolled and compacted” means that the loose soil
can undergo a limited number of freeze-thaw processes, but
the frozen loose soil must be completely thawed before
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subsequent rolling and compacting operations can be car-
ried out. Based on the established ground temperature
observational system (Figure 1), it can be determined that
the internal of the loose soil is completely thawed when the
internal temperature of the soil is all higher than 0°C. “*e
soil cannot freeze after rolled and compacted” means that
the filled soil after being rolled and compacted must ensure
that it will not freeze to avoid the residual and adverse effects
of cryostructures. “Rapid construction” means that the soils
with relatively high temperature can enter the site in time,
supply the heat energy in time, and enhance the capability of
frost resistance. “Timely coverage” refers to the effective
combination of specific measures such as timely coverage of
loose soil and the thermal insulation materials to enhance
the flexibility and initiative of the on-site construction
process and improve the construction efficiency. *e total
filling volume of gravelly soil in the dam core wall during the
winter construction period is shown in Table 3. As the
construction period in winter is not exactly the same every
year, the data are calculated from the end of November of the
current year to the middle of February of the following year
for the unified comparison. It can be seen from the table that
with the continuous improvement of the annual construc-
tion principles, the filling volume of gravelly soil continues
to increase. *rough the establishment of the construction
principles, the construction quality is effectively ensured and
the goal of preventing floods from flooding is successfully
realized, which lay a solid foundation for the power station
to shut down the gates and store water on schedule.

5.2. Selection of the Methods for Prevention and Control of the
Freeze-:aw of Soils. Based on the establishment of the
above prevention and control theoretical basis and con-
struction principles, a relatively effective prevention and

control system can be formed by adopting the feasible
methods to ensure the efficient and smooth construction of
the dam core wall in winter.

5.2.1. :e Measure of Covering the :ermal Insulation
Materials. *e thermal insulation measures are mainly to
reduce the heat dissipation of soil and reduce the temper-
ature by covering the ground surface with the thermal
insulation materials and changing the heat exchange con-
ditions on the surface of soil. Figure 10 shows the changing
process of the ground surface temperature of the compacted
gravelly soil with and without covering the thermal insu-
lation materials on the dam core wall in the winter of 2016. It
can be seen from the observational data that the ground
surface temperature of gravelly soil is basically negative
every day without covering the thermal insulation materials,
while it is basically positive with covering the thermal
insulation materials, and the negative temperature only
occurs on three days, indicating that the soil has basically not
frozen. It can be seen that using the thermal insulation
materials to cover the surface of the dam core wall can
greatly reduce or eliminate the freezing of soils. Although it
is difficult to cover and put away the thermal insulation
materials on the dam core wall with an area of 10, 000m2 of
the filling surface, the invention and application of the re-
tractable machines has improved the construction efficiency
and made this construction method feasible. And, covering
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Figure 10: Variation of the negative accumulated air temperature and the frozen depth of the compacted gravelly soil without covering the
thermal insulation materials with time from January 9 to 14, 2017 and from January 9 to 14, 2018. (a) Variation of the negative accumulated
air temperature. (b) Frozen depth of the compacted gravelly soil without covering the thermal insulation materials.

Table 3: Total filling volume of gravelly soil of the dam core wall
during the winter construction.

Year 2016 2017 2018
Total filling volume of gravelly soil
(million m3) 9.9 20.5 24.3
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the thermal insulation materials should be one of the im-
portant freeze prevention and control measures during the
winter construction process.

As this kind of measure will increase the construction
cost and have a certain impact on the construction schedule,
attention should be paid to the following problems during
the implementation process. *e first problem is the se-
lection of the types of the thermal insulation materials. It is
affected by the environment with low temperature at night.
After the thermal insulation material is covered, a large
amount of condensed water will collect on the surface of the
thermal insulation material that is in contact with the soil,
which will have a greater adverse effect on the thermal
insulation, the difficulty of retracting, and the durability of
the thermal insulation materials. *erefore, the materials
should preferably have a waterproof film on the surface.
Secondly, determination of the thermal insulation properties
of the thermal insulation materials.*e determination of the
type and thickness of the intermediate fabric of the thermal
insulation material is mainly based on different air tem-
perature conditions on-site and the ground temperature
conditions, and the thermal insulation performance of the
geotextile is selected through the thermal calculations.
*irdly, considering that the thermal insulation material is
retracted by large machines and the tensile strength of the
materials can meet the requirements. With regard to the
above aspects, through the full comparison, demonstration,
and use of various thermal insulation materials of cotton,
geotextiles, and different fabric structures in the Lianghekou
Project, the preferred thermal insulation material is the
special geotextile with the waterproof film on the top and
bottom, and polypropylene with the mass of 500∼800 g/m2

in the middle. Fourthly, in the implementation process of
this kind of measure, through the determination of the
implementation time and target of this kind of measure, the
comprehensive realization of the best economic and engi-
neering effectiveness can be achieved. Combining the ex-
periments in the Lianghekou region, it can be found from
Figures 2 and 11 that in late December, or from the end of
the current year to the beginning of February of the fol-
lowing year, air temperature is relatively low at night and the
negative temperature basically exists. *e compacted
gravelly soil has a higher probability of freezing and the
frozen depth is deeper without covering the thermal insu-
lationmaterials, so the thermal insulationmaterial should be
covered. However, from mid-November to mid-December,
and in February of the following year, both the frequency of
the occurrence of negative air temperature at night and the
freezing of the compacted gravelly soil without covering the
thermal insulation materials are relatively low, or only the
ground surface freezes and frosts. *erefore, not covering
the thermal insulation materials on the gravelly soil in the
dam core wall during this period is an option.

In addition, due to the relatively small proportion of
contact clay, and the effect of freeze-thaw on the internal
structure and engineering properties of soils, the dam of
Lianghekou Hydropower Station has adopted complete and
double protection measures, that is, when one layer of the
thermal insulation material is used to cover gravelly soil, two

layers of the thermal insulation materials are used to cover
contact clay. *rough the observations during the con-
struction process in winter, it was found that contact clay did
not freeze with covering the thermal insulation materials.

5.2.2. Covering Loose Soils. According to the above field and
indoor test results for the engineering properties of soils
under the conditions of covering loose soils, it has been
found that the engineering properties of the loose soils
remain unchanged when the minimum air temperature on-
site is not below −5°C and there a limited number of freeze-
thaw cycles, and the engineering properties of soils still meet
the construction requirements.*erefore, covering the loose
soil on the compacted soil protects the lower soil layer from
freezing and meets the normal construction process at the
same time. Loose soil is relatively loose, the internal porosity
is relatively large, and the overall thermal conductivity of soil
is relatively small, which is beneficial to protect the lower
compacted soil. *erefore, in the dam core wall of the
Lianghekou Hydropower Station from the winter of 2017,
the last process before the construction stopped was to cover
the loose soil with a thickness of 30 cm on the compacted soil
in the dam core wall. At the same time, this layer of soil
entered the site toward the end before the construction
stopped; the initial temperature of the soil was relatively
high, which was beneficial for the further improvement of
the frost resistance of soil. Subsequently, after a thorough
inspection and confirming that the frozen soil had com-
pletely thawed on the following day, the follow-up rolling
and compacting operations were carried out in time.
*erefore, one of the important methods to improve the
efficiency of engineering construction was to make rea-
sonable arrangement and management of the on-site en-
gineering procedures, rational use of the environmental
conditions, and timely covering of the loose soils.
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5.2.3. Process Control in Different Seasons. It can be seen
from Figure 2 that the changing process of air temperature of
the construction site in winter shows that air temperature in
the whole winter is at a negative state at night for most of the
period. However, due to the difference in its magnitude
characteristics and changing process, the thermal charac-
teristics of the filling soil will cause the freeze-thaw char-
acteristics (frozen depth, internal structure, etc.) of soils to
change. *erefore, dividing different stages according to the
changing process of environmental air temperature is
conductive to the scientific control of the on-site con-
struction links and the improvement of production
efficiency.

Firstly, it can be seen from the abovementioned changing
process and value characteristics of air temperature that,
during the period of about 4months in winter, the daily
minimum air temperature is relatively high from mid-No-
vember to the end of the current year and February of the
following year, the daily minimum air temperature in
January of the following year is relatively the lowest, and the
probability of freezing and the frozen depth of soils also
change accordingly.*erefore, using the end of December of
the current year and the beginning of February of the fol-
lowing year as the time nodes to divide the three phases of
the winter construction period, and adopting different
construction techniques in different periods will achieve
better construction efficiency and economic benefits. In
addition, statistics on the meteorological data of the dam
core wall of the Lianghekou Hydropower Station in the
winter of 2016–2018 found that the division nodes of the
three periods will change in different years; these two time
nodes have the characteristics of dynamically moving with
the change of regional climate, that is, with the changing
process of the long-term air temperature of 10–15 days in
this region, the two time nodes will move forward or
backward to different degrees. *is phenomenon is very
conductive to the control and decision-making of the on-site
construction process.

Secondly, because the environment and the internal
conditions of soils are different in different stages, different
measures should be adopted in the construction process of
the project. In the first stage, both the minimum air tem-
perature and ground temperature at night are relatively high,
and the soil has high heat storage and anti-freezing ability,
which should not be frozen. It can adopt the construction
methods of mainly covering the loose soil, and at the same
time covering the thermal insulation materials under the
extreme air temperature conditions. In the second stage,
since the environment is the coldest in the entire winter, in
order to weaken the freezing effect of loose soil and com-
pletely avoid the freezing of the compacted soil, the thermal
insulation materials can be covered in time after paving the
loose soils. In the third stage, although the ambient tem-
perature is basically similar to that of the first stage, after the
soil has undergone the heat release process in winter, the
ground temperature of the lower filled soil is the lowest in
the whole winter, and it is easier to cause the soil to freeze by
the cooling of the external environment. For example, in
mid-February, 2017, the air temperature at the Lianghekou

Hydropower Station rose significantly, but the ground
surface was only partially frozen at night, which was then
eradicated. *erefore, in this stage, it can comprehensively
adopt the freeze prevention and control measures of the
above two stages based on the on-site observational results.

5.2.4. Process Control of Time. *is aspect is mainly the
management and control of different time nodes in the
construction process during the daily changing process. In
terms of the construction process, based on the above-
mentioned analysis of the freeze-thaw characteristics of the
filling soil, the rapid construction of the filling process of the
dam surface can be timely covered by the filling soil during
the daily circulation process. It can supply the thermal
energy of the filling soil in time and slow down the cooling of
the ground temperature of the lower soils, and maintain the
ground temperature always at a high state, thereby im-
proving the anti-freezing ability of the filling soils. *e
control of the process nodes mainly lies in the control of the
stop time of the construction at night and the start time of
construction the next day, and it is relatively difficult to
control the stop time of the construction at night. Due to the
later, the stop time of the construction at night, the lower the
ground temperature, the heat release intensity of the soil will
be stronger and the decreasing amplitude of the thermal
energy accumulated in the soil will be larger, which will lead
to a significant increase in the freezing probability of the soil.
*erefore, the end time of construction at night, the com-
pletion paving time of the loose soil, or the late or early
completion time of covering the thermal insulationmaterials
will have completely different prevention and control effects.
Figure 12 shows the variation of ground surface temperature
of the loose gravelly soil with covering the thermal insulation
materials at different times at night under different air
temperature conditions on December 9 and 14, 2018. *e
observational data show that due to the different times of
covering the thermal insulationmaterials, the covering times
in Figures 12(a) and 12(b) are 0:20 and 23:10, respectively,
and the difference between the time of covering the thermal
insulation materials before and after is about 1.2 h. Under
the colder environmental conditions, the daily minimum air
temperature is higher than that of the day with higher air
temperature, and the duration of negative temperature is
longer (Figure 12(b)). However, due to the timely coverage
of the thermal insulation materials and the timely protection
of the thermal energy, the ground surface temperature of
soils always keeps at a positive temperature, and the soil does
not freeze at night (Figure 12(b)). Under the environment
with low temperature, the soil with covering the thermal
insulation materials still freezes due to the long-time heat
dissipation of soils (Figure 12(a)).

5.3. Establishment of the Monitoring System for the Freeze-
:aw State of Soils. In the winter construction process, the
establishment of the on-site comprehensive monitoring
system is the prerequisite and guarantee for the scientific
management and control of the construction process and the
assurance of project quality. Based on the analysis of the
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monitoring data of the monitoring system, it is possible to
timely analyze and evaluate the region and range of the
freeze-thaw process of soils, as well as the possible effects and
impacts. *erefore, the on-site freeze-thaw monitoring
system should be one of the important parts of the pre-
vention and control system of winter construction. *e
monitoring system should be established in terms of the
monitoring principles, methods, and contents, as well as the
identification and evaluation systems.

(1) In terms of the monitoring principles: the moni-
toring system should carry out different levels and
aspects of monitoring for different sites such as the
dam core wall, Canpeichang, and Beiliaocang
according to the actual situation on-site. Taking the
dam core wall as an example, it should be established
in all dimensions from different dimensions such as
time and space. In terms of time, the entire winter
(from mid-November to early March of the fol-
lowing year in Lianghekou) construction process
should be monitored. During the construction
process on the current day, continuous monitoring
should be possible, and in particular, the continuous
changing process of the monitoring content at night
should be ensured. In terms of spatial distribution, it
should be able to range from the ground surface
temperature of the construction surface of the dam
core wall to the ground surface temperature of the
typical temperature characteristic unit. For example,
in different regions of the Lianghekou construction
site with different sunshine, the filling and com-
pacting processes are different. And the ground
temperature conditions at different depths of the
typical temperature characteristic units. As a result, a
three-dimensional monitoring system with different
levels, interrelated and temperature as the core, is
established.

(2) In terms of methods and contents: through the
comprehensive application of the technical
methods such as the long-distance and near-dis-
tance infrared detection, temperature probe
monitoring, instruments and artificial recognition
of freeze-thaw, meteorological monitoring, the
meteorological conditions (wind speed, air tem-
perature, solar radiation, precipitation, etc.),
ground surface temperature, ground temperature
at different depths of soil, and the freeze-thaw
condition of the ground surface can be observed,
monitored, and identified. As a result, a multiel-
ements comprehensive observational method has
been formed, which include the meteorological
conditions and ground temperature, automatic
and manual, qualitative, and quantitative
observations.

(3) Evaluation and prediction: through the establish-
ment of the whole dam surface and three-dimen-
sional observational database, as well as combined
with the analysis of the characteristics and variations
of the freeze-thaw, it is possible to carry out the
evaluation of the freezing region, status, and the
engineering impact during the construction process.
At the same time, it can also carry out the predictive
analysis based on this, and provide references and
suggestions for the field construction decisions.

6. Conclusions

In view of the winter construction process of the dam core
wall of the Lianghekou Hydropower Station under con-
struction in the seasonally frozen soil area, according to the
on-site meteorological conditions and the ground temper-
ature observational data in the winter of 2016–2018, the
freeze-thaw process of the main filling soils (gravelly soil and
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Figure 12: Variation of air temperature and ground surface temperature of the loose gravelly soil with covering the thermal insulation
materials with time. (a) December 9, 2018. (b) December 14, 2018.
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contact clay) and the effect of freeze-thaw on the engineering
properties of soils were studied. *en, a comprehensive
freeze prevention and control system for the soils was
established. *e following main conclusions were drawn:

(1) During the winter construction period of the
Lianghekou Hydropower Station, which is located in
the seasonally frozen soil area, the construction site
of the dam core wall has the environmental condi-
tions for the development of the short-term frozen
soil. *e soil will undergo a freeze-thaw process that
freezes on most of the nights and thaws for the major
part of the day. *ere will be a large number of thin
or integral cryostructures formed inside the soil after
freeze-thaw, which will affect the physical and me-
chanical properties, permeability, and other engi-
neering properties of soil, and directly affect the
filling quality of soil on-site.

(2) Based on the analysis of the measured data, it is
found that the freezing characteristics and frequency
of soils will change under different environments
and construction conditions. Adjusting the con-
struction schedule and coverage frequency, changing
the initial temperature of the incoming soil, main-
taining and slowing down the cooling process of soil
after filling, changing the heat exchange process of
soil by covering the loose soil and the thermal
insulation materials on the surface of the compacted
soil, and effectively controlling the development and
existence of cryostructure will have important effects
on the on-site freeze prevention and control of
engineering quality.

(3) *rough the research on the freeze-thaw process of
the filling soil, the freeze-thaw effect of the loose soil,
and the energy balance process of soils, the freeze
prevention and control principles, as well as methods
suitable for the winter construction process of the
dam core wall have been established. *rough the
comparative analysis of the changing process of air
and ground temperature, in different periods, dif-
ferent methods of covering loose soil and timely
covering the thermal insulation materials are pro-
posed for different types of soils, which play an
important role in ensuring the filling quality of soils,
shortening the construction duration, and reducing
the engineering cost.

(4) *is article mainly carried out relevant analysis and
research on the winter construction process in
Lianghekou Hydropower Station. *e project is lo-
cated in the typical seasonally frozen soil area in
China, the construction will continue throughout the
whole winter, and the construction of the dam core
wall with tens of thousands of square meters area,
high-quality construction requirements. *erefore,
making the research results of this article have good
typicality and representativeness and have a good
reference for the similar projects in this type of
regions.
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Moisture content of subgrade materials is an essential factor affecting frost heave deformation of high-speed railway subgrade in a
seasonally frozen region. Modeling and predicting moisture transport play an important role in analyzing the subgrade thermal
and hydraulic conditions in cold regions. In this study, a long short-termmemory (LSTM)model was proposed based on subgrade
material moisture in two sections during one winter and spring cycle from 2015 to 2016.(e reliability of themodel was verified by
comparing the monitoring data with the model results. (e results demonstrate that the LSTM model can be effectively used to
forecast the dynamic characteristics of the moisture of subgrade materials. (e data of simulated moisture content of subgrade
materials have a root mean square error ranging from 0.17 to 0.47 in the training phase and from 0.20 to 10.5 in the testing phase.
(e proposed model provides a novel method for long-term moisture prediction in subgrade materials of high-speed railways in
cold regions.

1. Introduction

Seasonally frozen ground is mainly distributed in high-
latitude areas such as northeast China, north China, and
northwest China, accounting for 53.5% of China’s total land
area [1, 2]. Subgrade materials in cold regions undergo
several freeze-thaw cycles every year, leading to subgrade
degradation [3–5]. (e frost heave problem of high-speed
railway foundations in seasonally frozen regions has gar-
nered significant attention and research interest from ex-
perts and scholars. (rough field monitoring and laboratory
tests, it was found that soil properties, temperature, and
moisture content were the main factors affecting the frost
heave of the subgrade [6–13]. Zhang et al. [14] performed
indoor frost heaving tests under different moisture contents
for five types of coarse-grained soils and 13 types of fine-
grained soils. (e results demonstrated that moisture con-
tent was the most important factor causing frost heaving
[15].

(e variation in the moisture content of subgrade ma-
terials is affected by climate, thermal properties of soil

particles, loading conditions, and soil texture [16–19].
Several experiments and numerical models have focused on
one or two controlling factors that may affect moisture
transport. However, they are time-consuming and some-
times cannot predict the long-term dynamics of moisture
content, for instance, Khoury et al. [20] found that a change
in the subgrade moisture content affected the performance
of pavement materials. Naji et al. [21] used a mathematical
model to predict the relationship between soil elastic
modulus and moisture content. (ey used the model to
predict the change in pavement bearing capacity caused by
seasonal changes in moisture content. (rough on-site
monitoring, Lin et al. [22] found that moisture content
change was related to the nature of subgrade filling. How-
ever, few studies have simulated and predicted the moisture
variation in high-speed railway subgrades in cold regions.

Deep learning methods based on artificial neural net-
works can quickly extract effective data features from
massive monitoring data and analyze the nonlinear change
relationship of monitoring data, which can thereafter be
used to effectively predict the change in subgrade moisture
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content; therefore, artificial neural network has been widely
used in the overall evaluation of subgrade engineering [23].
(e long and short-term network is a special recursive
neural network that can solve complex problems and learn
fast [24]. For instance, Chen et al. [25] used this model to
predict the dynamic swelling deformation of a high-speed
railway subgrade.

(e embankment of the Lanzhou–Xinjiang high-speed
railway, located in northwest China, has been operating
since December 2014. (e mean annual air temperature is
approximately 4.8°C at the Minle weather station near the
monitoring site. (e highest and lowest temperatures were
35.0 and −31.5°C, respectively. (e annual mean rainfall was
recorded as 381.2mm, whereas the annual mean evaporation
was 1623.0mm in 2015. (e start and end dates of snowfall
were September 30, 2015, and May 19, 2016, respectively.
(e recorded maximum natural snow depth was 220mm,
whereas the recorded maximum natural frozen depth was
184 cm from 2015 to 2016 [22].

In this study, the long short-term memory (LSTM)
model was established to simulate long-term moisture
changes in subgrade materials. We examined the applica-
bility of the LSTM model to the prediction of time-series
data of the moisture of subgrade materials in high-speed
railways and compared field monitoring data and model
outputs.

2. Methods

(e subgrade of the Lanzhou–Xinjiang high-speed railway
consists of four main layers: a 0.4m height concrete layer,
0.5m height nonfrost susceptible crushed rock layer, 1.8m
height low-frost susceptible crushed rock layer, and an
underlying soil layer. In this study, two monitoring sections
of subgrade, K2020 + 024 and K2028 + 746, were selected,
and their moisture contents were measured using a gravi-
metric method with six soil moisture sensors [22] (Figure 1).
(e data were recorded at 4 h intervals from August 2015 to
April 2016. (e measuring method and working principle of
the soil moisture sensors were the same as those of Mit-
telbach et al. [26]. (e moisture sensor was a QSY8909A
moisture sensor produced by Sichuan Qishiyuan Science
and Technology Co., Ltd. Its measuring range was 0–100%,
length was 6 cm, diameter was 3mm, probe material was
stainless steel, and temperature range was −25–80°C [27].

In the K 2020 + 024 and K 2028 + 746 sections in the
concrete layer, the moisture content of 0.2m soil started to
fluctuate slightly. Subsequently, it began to decline rapidly
and tended to be constant in December 2015. It began to
fluctuate again in late March 2016. (e moisture content of
0.5m soil began to fluctuate and rise, reached a peak in
February 2016, and thereafter began to fluctuate and de-
scend. In nonfrost susceptible A/B fillings, and the variation
trend of moisture content at 1.0m was approximately the
same as that at 0.5m.

As shown in Figure 2, the soil moisture content is af-
fected by temperature, rainfall, and other factors. Its
monitoring data have some noise and exhibit prominent

nonlinear characteristics; therefore, it is difficult to predict
them.

In this study, there are missing values in the data due to
the communication failure of detection equipment and other
factors. For missing data, detection data between adjacent
time points were used for interpolation processing. To ac-
celerate the convergence rate of the model, the data were
normalized according to the characteristics of the test data
and requirements of the LSTM model. (e normalization
calculation formula is as follows:

xi �
xi − minxi

max xi − min xi

, (1)

where xi denotes the moisture content monitoring data,
whereas minxi and max xi represent the minimum and
maximum values of xi, respectively [23].

(e LSTM model [23] is a neural network model
proposed by Hochreiter in the 1990s; its model structure is
as shown in Figure 3. It contains a particular unit, namely,
the memory block in the recursive hidden layer. (e
memory block includes a cell state and three gated
mechanisms (input, forget, and output gates) for con-
trolling the flow of information. (e sigmoid function
implements a gating mechanism. After the data flows in,
they first enter the forget gate. After part of the redundant
information is discarded to obtain the critical feature data,
the data enter the input gate to control the data update.
Finally, they pass through the output gate as output. (e
mathematical expression for this process is as follows.

First, the forget gate ft calculates the cell state that needs
to be retained at the previous moment through the activation
function as follows [23]:

if � σ Wf · ht−1, xt  + bf , (2)

where Wf and bf denote the weight matrix and bias of the
forget gate, respectively, σ denotes the sigmoid function, and
ht−1 represents the output at moment t − 1 [23].

Second, the input gate it retains information regarding
the current input xt to be updated to the current cell state Ct

as follows [23]:

it � σ Wi · ht−1, xt  + bi( . (3)

(ereafter, the output gate ot controls the information
that comes out as follows [23]:

ot � σ Wo · ht−1, xt  + bo( . (4)

Based on the previous input and output information, the
following formula can be used to calculate the nonlinear
output [23]:

Ct � tanh Wc · ht−1, xt  + bc( . (5)

Finally, the new cell state can be expressed as follows
[23]:

Ct � ft ∗Ct−1 + it ∗ Ct,

ht � ot ∗ tanh Ct( .
(6)
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By controlling the input gate, the influence of redundant
information can be avoided, and information of the previous
time is retained in the network owing to the forgetting gate.
(is model addresses long-term dependence and gradient
disappearance problems encountered by traditional recur-
rent neural networks in prediction tasks, and it is now widely
used in time-series forecasting [25, 28, 29].

In this study, root mean square error (RMSE) and R-
score (R2) were used to evaluate the performance of the
model. (e smaller the RMSE value calculated, the closer the
R2 value is to 1 and the higher the accuracy and reliability of
the model prediction. (e specific formula is as follows:

RMSE �

�������������

1
n



n

i�1
yi − yi( 

2




,

R
2

� 1 −


n
i�1 yi − yi( 

2


n
i�1 yi − yi( 

2,

(7)

where n denotes the number of predicted samples, whereas
yi, yi, and yi denote the measured values, mean of the
measured values, and predicted value, respectively.

3. Results and Discussion

(e training of the LSTM model requires the monitoring
data to be preprocessed. In this study, according to the
commonly used split ratio, the holdout method was used to
split the dataset, with the training set accounting for 80% and
validation set accounting for 20%. (e monitoring data of
August 1, 2015, solstice on February 11, 2016, were used as
the training set, whereas the detection data of February 12,
2016, solstice on March 31, 2016, were used as the validation
set. (e training set was used to train the weight of the
model, whereas the validation set was used to evaluate the
model performance. Because the selection of hyper-
parameters has a significant impact on the performance of
the model [30], it is necessary to set the hyperparameters of
the model before the training begins. In this study, the
number of cells in the LSTM model was considered as the
critical hyperparameter, and the candidate operations of the
hyperparameter was [5, 10, 20, 30, 40, 50]. To accurately
evaluate the performance of the model on the specified

parameter performance and avoid the instability of the
performance of a single training session, the average error of
five repeated training sessions was used as the evaluation
indicator. (e error statistics of the hyperparameter search
training are as shown in Figure 4. It is observed from the
figure that when the number of units is 10, the model has a
minor error and higher computational efficiency. After
several experiments, the number of units in the model was
determined to be 10, the epoch was set to 200, and learning
rate was 0.001. (e model was implemented using Ten-
sorFlow framework. In this study, the gradient descent al-
gorithm was applied to update the weight of the model. (e
adaptive moment (Adam) estimation was selected as the
optimization algorithm for the training process of themodel.
In comparison with other optimization algorithms, the
Adam algorithm is more efficient in terms of calculation and
it has a better effect in practical applications [31].

(e calculated results of R2 and RMSE indices on the
training and validation sets of the trained model are sum-
marized in Table 1. From the table, the prediction effect of
the LSTM model is the best when the depth of the LSTM
model in R2 of section K2028 reaches 0.94. In the training set
of moisture content at all depths, R2 was greater than 0.95,
indicating that the model fitted the training data well.
However, there was a gap between R2 in the test and training
sets, indicating that the model had an overfitting phe-
nomenon. (e RMSE error of the model is small for each
moisture content dataset, thereby proving that the LSTM
model is suitable for the prediction of soil moisture content
and it has a specific application potential.

To more intuitively compare the prediction effect of
the model on different moisture contents, a comparison
between the predicted value of the model and the mea-
sured value on the two sections, K2020 + 024 and
K2028 + 746, is as shown in Figures 5 and 6. It is observed
from Figure 4 and Table 1 that the prediction accuracy of
the model decreases with an increase in depth possibly
because the change in soil moisture content is a gradual
accumulation process, and the change in the soil moisture
content in a period of shallow depth is easier to learn from
the historical trend. With the increase in the predicted
time steps, the deviation of soil moisture content at a
depth of 1.0m in the two sections increases, and the
model’s prediction ability is weak.

Figure 1: Fieldwork of the automatic monitoring system of moisture content of subgrade materials of high-speed railway in cold regions.
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In this study, we use an LSTM model to predict the
moisture content of subgrade materials in high-speed rail-
ways based on one-year field monitoring data. (e model
achieved great performance for predicting moisture content
of subgrade materials above 0.5m in the two sections.
However, we found that the prediction accuracy of the

moisture content of subgrade materials below 0.5m was
slightly lower than those of others.(is phenomenonmay be
attributed to the sample size and model parameters [32]. In
addition, our model does not consider the detailed influ-
ential factors of soil moisture and soil particle structure,
which may affect the model outputs.
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Figure 2: Variations in moisture content were measured at three depths in two sections from August 2015 to March 2016. Note. H1 to H3
represents depth of 0.2, 0.5, and 1.0m, respectively. (a-b) K 2020 + 024 section. (c-d) K 2028 + 746 section.
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Table 1: Performance evaluation index of the model.

Section
R2 RMSE

Train set Test set Train set Test set
K2020 + 024 H1 0.99 0.90 0.36 0.51
K2020 + 024 H2 0.98 0.92 0.31 0.24
K2020 + 024 H3 0.95 0.87 0.17 0.21
K2028 + 746 H1 0.99 0.93 0.47 1.05
K2028 + 746 H2 0.99 0.94 0.23 0.20
K2028 + 746 H3 0.98 0.89 0.28 0.20
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Figure 5: Predicting results of two subgrade sections in the three depths. (a–c) K 2020 + 024 section. (d–f) K 2028 + 746 section.
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Figure 6: Comparison of the predicted values of the soil moisture with measured values (a–c) K 2020 + 024 section. (d–f) K 2028 + 746
section.
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4. Conclusions

Based on soil moisture measurement data at different depths
of two sections of the Lan–Xin high-speed railway and
combined with the LSTM deep neural network model, this
study explored the application of this model in the short-
term prediction of temporal series changes in soil moisture
content. (e specific conclusions are as follows:

(1) Aiming at obtaining a nonlinear law for soil moisture
monitoring data, the number of model units was
determined using the hyperparameter search
method

(2) (e LSTM neural network model has a strong
generalization ability in the short-term prediction of
soil moisture content, and it can be used for soil
moisture content prediction tasks

(3) For a significant number of soil moisture prediction
tasks at different depths, the LSTMmodel has higher
prediction accuracy in the shallower depth; it has the
best prediction effect for the depth of 0.5m in a
specific time period

In conclusion, the strategy discussed in this study, based
on field monitoring data and a deep neural network model,
can effectively extract the dynamic characteristics of soil
moisture content monitoring. It can effectively predict the
soil moisture content in a specific period of time, thereby
providing a practical reference for the safety of train
operation.
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In seasonally frozen ground, there are many frost problems in highway road tunnel after its excavation due to the heat exchange
between the cold air and lining structure inside the tunnel. To mitigate these frost-related damages, thermal insulation layer is
widely used at entrance and exit sections of the tunnel. In this study, a coupled mathematical model of heat, moisture, and stress
was built for tunnels in seasonally permafrost regions. +en, based on the field-observed air temperature inside a roadway tunnel
at Altun Mountain on the Qinghai-Tibet Plateau (QTP), seasonal freeze-thaw process of the surrounding rocks (SR) and lining
structures were numerically investigated with the consideration of insulation methods: without insulation (WTIL) and laying the
insulation layer on the inner surface of the second lining structure (STIL). Combined with the principle of Miner damage
accumulation, the stress regimes of the lining structures of tunnel were investigated inWTIL and STIL.+e results show that there
was a significantly thermal disturbance of the SR after the tunnel excavation. In the 5th year of the operation period, the maximum
seasonal freeze depth (MSFD) of the SR can reach 1.6m at the vault of the arch and that at the inverted arch was only 1.0m due to
the pavement inside the tunnel. +en, both the absolute maximum value of the maximum principal stress (MAPS) and minimum
principal stress (MIPS) in cold season were bigger than those in warm season comparing the value of the stress filed of the lining
structure. In the same way, both the MAPS and MIPS of the lining structure in WTIL are bigger than those in STIL in numerical
simulation.+e positions of the maximum tensile stress of the primary lining structure in STIL andWTIL were inverted arch. For
the lining structures, the greater tensile stress was generally harmful. +us, the inverted arch of the tunnel should be laid on the
insulation layer.

1. Introduction

Frozen ground is defined as soil or rock including ice with a
temperature at or below 0°C, which can be divided into
permafrost and seasonal permafrost [1]. In China, perma-
frost regions and seasonally frozen regions account for about
20% and 55% of the total land area, which are mainly
distributed in the western, northeastern China, and Qinghai-
Tibet Plateau [1–6]. In recent years, more and more engi-
neered infrastructures were built in seasonally frozen regions

of China. Highway tunnels, as one of the common engi-
neered structures, are commonly affected by the frost
damage [7, 8]. After the excavation, the temperature, stress,
and even water fields of SR change due to the heat exchange
between the lining structure and the air inside the tunnel
[8–11]. As we known, the physical and mechanical prop-
erties of frozen soils (rocks) are connected closely to their
temperature conditions and moisture contents. Hence, with
the changes in temperature and moisture fields, the me-
chanical properties of frozen soils will also change
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significantly. For the tunnels in seasonally frozen regions,
there are frost deformations and moisture migrations in the
SR due to the heat exchange with the cold air in winter,
leading to deformation, cracking, and destruction of the
lining structure [9–11]. +e problems related to freezing of
the lining structures and SR generally seriously affect the safe
operation and the traffic of the tunnel. Engineering practices
indicated that the frost damage to the tunnels in seasonally
frozen regions was serious and common [12]. +us, it is
necessary to study the frost damage mechanisms and pre-
vention methods to the tunnels in seasonal frozen regions.

To mitigate frost related damage, thermal insulation is
widely used at entrance and exit section of the tunnels.
Moreover, the study methods of the frost damage problems
including filed test measurement, evaluation method, and
numerical simulation are widely used to gain the factors
thermal insulation design needed. Since 1963, Johansen et al.
[13] carried out long-term observations of air-temperature
beside a tunnel near the Alaska and gained the distribution
of air temperature beside the tunnel. +rough the field test
measurement of a tunnel in cold environment, Okada and
Matsumoto [14] studied the day variation of air temperature
and the maximum frozen depth inside the tunnel. Nie [15]
observed the air temperature inside and outside a seasonal
frost tunnel in Daxing’anlingMountain, Northeast of China.
+e results showed that the part length of variation rate of air
temperature inside the tunnel occupied 1/2 of the whole
length of the tunnel. Lai et al. [16] studied the difference of
the air temperature inside Daban Mountain tunnel, a road
tunnel in Qinghai province, under the conditions of thermal
insulation gate set in the entrance and exit of the tunnel. +e
results showed that the thermal insulation effect of instal-
lation of the thermal insulation door was better than that of
installation of the snow shelter. Based on the results of field
test measurement, the temperature, stress, and moisture
fields of the SR and lining structures could be investigated
according to the conservation law of mass and energy. In
1973, the Harlan model proposed by Harlan was widely used
in the permafrost engineering, which could describe the
coupling effect of the moisture migration and temperature
flux [17]. Based on the Clapeyron equation and Kelvin
equation, Shingo [18] studied the force power of the liquid
water migration. Taylor and Luthin [19] proposed a coupling
model with the consideration of moisture and temperature
in freezing process of the soils according to the Harlan
model. Shoop and Bigl [20] used the simulation methods of
the coupling model of moisture and temperature to inves-
tigate the results of a large-scale freeze-thaw test. Hansson
et al. [21] proposed a coupling model of moisture and
temperature based on the Richards equation and the model
validity was demonstrated combined the comparison of the
simulated and freezing test results. Based on the above
theories and observed data, many scholars studied insulation
methods and the freeze-thaw process of lining and SR. Using
heat transfer theory and percolation theory, Lai et al. [22]
proposed the coupling model with the consideration of the
temperature, moisture, and stress of the lining and SR inside
the tunnel. Combined the Galiaojin method, the calculation
formula of this model could be gained, which was widely

used in related studies of seasonal frozen tunnels. Zhang
et al. [23] studied the freeze-thaw process of SR inside a
seasonal frozen tunnel under the conditions of different
construction seasons, different initial temperatures, and
different insulation materials using finite element methods.
With the consideration of the wind filed inside the tunnel,
Tan et al. [24] investigated the temperature filed of SR inside
the tunnel, Galongla tunnel on the QTP, under the con-
ditions of different wind speeds and temperatures. Zhou
et al. [25] established a mathematical optimization model
with the consideration of the factors including insulation
parameters, tunnel depth, and economic costs. Ma et al. [26]
analyzed the insulation effect of different insulation thick-
nesses and laying positions and established the relationship
between the insulation effect and the thicknesses. Com-
bining Plath’s equation and Fourier integral transform, Liu
et al. [27] studied the temperature filed of a tunnel in cold
environment under the conditions of different convective
heat transfer coefficients, different insulation thicknesses,
and different initial temperatures.

In this paper, the Altun Mountain highway tunnel was
taken as the research object. In order to observe the air
temperatures inside the tunnel, corresponding measurement
sensors and a weather station were installed inside and
outside the tunnel. According to the design of Altun
Mountain highway tunnel, geological survey report, and
monitoring meteorological data, a coupling model consid-
ering the damage of tunnel lining structure was established.
With the model, the distribution of temperature field of
surrounding rock body under different insulation laying
methods was systematically studied by using numerical
method. Under the different methods, the temperature field
of SR and the stress field of lining were compared and
analyzed with the equivalent indoor experimental freeze-
thaw damage model. It is hoped that the filed observations
and numerical simulations in this study would provide
references for thermal insulation design of tunnels built in
seasonally frozen regions.

2. Mathematical Model and
Governing Equations

2.1. Liquid Water Flows. Based on the law of mass con-
servation, the equivalent volume of water content θ without
the consideration of water vapor and salt migration in
freeze-thaw soils can be written as [5, 21, 28]

zθ
zt

�
zθu

zt
+
ρi

ρw

zθi

zt
� ∇ qlh + qlT( , (1)

where θ, θu, and θi are the equivalent volume of water,
unfrozen water, and ice content, respectively (m3·m−3); ρi
and ρw are the density of ice and water (kg·m−3); t is the time;
and qlh and qlT are the liquid water flux density related to
pressure head gradient and temperature gradient, respec-
tively (m·s−1).

Based on thecHarlan model, there is a similar law of
liquid water migration in frozen and unfrozen unsaturated
soil, which can be described by Richard equation [1, 17]. In a
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previous study, the regulation law of liquid water migration
in freeze-thaw soils can be assumed to Darcy’s law [5, 29].
+e flux density of liquid water under the potential gradient
in freeze-thaw soil can be written as [5, 17, 21, 28, 29]

qlh � −Klh∇(h + y), (2)

where y is the vertical coordinate (m); h is the pressure head
of liquid water in freeze-thaw soils (m); and Klh is the water
conductivity coefficient of liquid water under potential
gradient in freeze-thaw soils (m·s−1). +e liquid water flux
density qlT related to temperature gradient can be written as

qlT � −KlT∇(T), (3)

where KlT is the water conductivity coefficient related to
temperature gradient (m2·K−1·s−1), which can be written as

KlT � Klh hGwT

1
c0

dc

dT
 ,

c � 75.6 − 0.1425T − 2.38 × 10− 4
T
2
,

(4)

where GwT is gain factor, which can evaluate the temperature
effect due to the surface tension of solid granule; c is surface
tension of the solid granule; and c0 is the surface tension of
the solid granule at 25°C (approximately 71.89 g·s−2). +en,
the mass conservation equation of liquid water in freeze-
thaw soil can be written as [5, 30]

zθ
zt

� ∇ · Klh∇(h + y) + KlT∇(T) . (5)

Soil-water characteristic curve (SWCC) can describe the
connection between liquid water and energy in freeze-thaw

soil. Based on a previous study, the relationship among
matric, volume water content, and saturation in freeze-thaw
soils also can be described by SWCC [29]. In this study, the
hydraulic properties of unsaturated freeze-thaw soil based
on van Genuchten model and Mualem model can be written
as [30, 31]

h �
− S

(1/−m)
e − 1 

(1/n)

α
,

Se �
θl − θr

θs − θr

�

1
1 +|αh|

n
 

m, h< 0,

1, h≥ 0,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

K �
KsS

i
e 1 − 1 − S

(1/m)
e 

m
 

2
, h< 0,

Ks, h≥ 0,

⎧⎪⎪⎨

⎪⎪⎩

(6)

where Se is effective saturation of soils; Ks is saturation water
conductivity coefficient (m·s−1); θl, θs, and θr are liquid
water, saturated liquid water, and residual water content,
respectively (m3·m−3); α is the derivative of the soil intake
value (m−1); and n and l are experience parameters and
m� 1− 1/n [31].

2.2. Heat Transfer. With the considerations of the convec-
tion, phase change of ice-water and liquid water migration,
heat transfer during the transient flow in freeze-thaw soils
can be written as [1, 3–5, 17, 21, 28, 29]

C
zT

zt
�

z

zx
λ

zT

zx
  +

z

zy
λ

zT

zy
  + Lρi

zθi

zt
+ Cw∇ Klh∇(h + y) + KlT∇T( T , (7)

where C is volume heat capacity; λ is thermal conductivity;
and L is the latent heat of freezing of liquid water (ap-
proximately 3.34×105 J·kg−1).

In freeze-thaw soils, a part of liquid water can exist even
at a very low temperature, which is unfrozen water. In
previous studies, the empirical expression as follows is used
to describe the variation of maximum unfrozen water
content θumax under low temperatures in freeze-thaw soils
[1, 3–5, 28, 29]:

θumax � a(T − 273.15)
−b

, (8)

where a and b are experimental parameters. +en, based on
the law of conservation of mass, the volume liquid water
content θl can be written as [5, 28, 29]

θl �
θ, others,

θumax, T<Tf and θ> θumax,

⎧⎨

⎩ (9)

where Tf is the freezing point of the soil, which is assumed to
be 0°C in this study. Based on a previous study, the freezing
point of soil should be a temperature value where ice starts to
grow [32].

2.3. Mechanism Equation. Based on the theory of linear
momentum balance, the equation of linear momentum in
the lining structures and SR can be written as [8]

σij,j + ρfi � ρ
dVi

dt
, (10)

where σij is the component of stress tensor; ρ is the density;
and fi is the component of volume force. Only with the
consideration of the gravity in volume force, fi can be written
as

fi � gi � (0, 0, g)
T
, (11)

where g is the acceleration of gravity (approximately 9.8m/s2).
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Combining equation (10) with equation (11), the
equation of static equilibrium in the lining structure and SR
can be described as

σij,j + ρfi � 0. (12)

Based on the previous studies and theories related to
the linear thermal stress, the elastic deformation dis-
placement and stress produced by external force can be
superposed with those produced by the temperature ac-
tion algebraically. Hence, combined the theory of elastic
mechanics, the stress in the lining structure and SR can be
written as

ε � εe
ij + εT

ij + εi
ij, (13)

where ε is the stress in the lining structure and SR; εe
ij is the

increment of elastic stress; εT
ij is the increment of heat stress

produced by the temperature action; and εi
ij is the increment

of stress produced by the frost expansion due to ice-water
phase change and liquid water migration, which can be
described as [6]

εi
ij � 0.09 θ − θw(  +(θ − n). (14)

+e elastic constitutive equation in lining structure and
SR can be written as

σij � C
e
ijkl εkl − εT

kl − εi
ij  � C

e
ijkl εkl − βs Ts − Ts0( δkl − εi

ij ,

(15)

where Ts and Ts0 are the temperatures of the lining structure
and SR and reference temperature (approximately 20°C),
respectively; βs is coefficients of linear thermal expansion of
the lining structure and SR; and Ce

ijkl is the elasticity matrix.
Combining equation (12) with equation (15), it can be gained
as follows:

C
e
ijklεklc Ts − Ts0( δij − εi

ij 
,j

+ ρfi � 0. (16)

It is assumed that the deformation of the lining structure
and SR are all small deformations. Hence, based on the
elastic mechanics, the geometric equation of lining structure
and SR can be written as

dεij �
1
2

zdui

zxj

+
zduj

zxi

 , (17)

where εij is the component of stress tensor and ui is the
component of the deformation. Combined with equation
(16), the mechanism equation of lining structure and SR can
be written as

1
2

C
e
ijkl

zdui

zxj

+
zduj

zxi

  − cs Ts − Ts0( δij − εi
ij 

,j

+ ρfi � 0.

(18)

According to previous and related studies, the equivalent
elastic modulus E and equivalent poison’s ratio v of the SR in
freezing and thawing processes can be written as [33]

E �
csEs 1 − 2vi(  + ciEi 1 − 2vs(   csEs 1 + vi(  + ciEi 1 + vs(  

csEs 1 − 2vi(  1 + vi(  + ciEi 1 − 2vs(  1 + vs( 
,

v �
csEsvs 1 − 2vi(  1 + vi(  + ciEivi 1 − 2vs(  1 + vs( 

csEs 1 − 2vi(  1 + vi(  + ciEi 1 − 2vs(  1 + vs( 
,

(19)

where cs and ci are the volume contents of the solid granule
and ice, respectively.

3. A Tunnel Built on the Qinghai-Tibet Plateau

3.1. Study Area and Tunnel. In this study, a highway tunnel
on the QTP was used to study the freeze-thaw process of the
lining structure of tunnels in seasonal frost regions. +e
study area is located at southeast edge of the QTP, with an
elevation above 3000m. According to Lenghu weather
station closet to this site, the mean annual air temperature is
about 3.6°C, and the maximum and minimum air tem-
peratures are 26.9 and −21.7°C in past 10 years, respectively
(Figure 1). Meanwhile, this engineering site is in an alpine
and semi-arid climate zone, with a little annual precipitation.

3.2. Air Temperature Observation along the Tunnel. +e
tunnel on the QTP has a length of 7,527m and faces po-
tential frost damage according to the air temperature data
monitored by Lenghu weather station. In previous studies,
the section closest to the entrance of the tunnel generally
suffers worst frost damage. To gain the variation of air
temperature at that entrance (D1) of the tunnel (Figure 2),
an air temperature sensor was placed at 5m from the en-
trance. +e sensor used in this monitoring test was man-
ufactured and calibrated by TASCO (Japan), with a
calibrated range from −30 to 60°C and a resolution smaller
than 1.0°C.+e date acquisition of air temperature was set as
4 hours.

4. Numerical Simulations

4.1. Computational Model. Based on previous studies and
related works, the boundary error in numerical simulations
would be less than 10% when the computational domain is
3–5 times of the equivalent diameter of the tunnel [5, 34].
+en, the computational model was constructed based on
the actual section D1 of the tunnel in this study (Figure 3).
+e insulation methods were considered in this study:
without insulation (WTIL) and laying the insulation layer on
the inner surface of the second lining structure (STIL).

According to the geological survey conducted, the SR at
D1 section of tunnel can be simplified as one kind material.
+e thermal and hydraulic parameters of the SR and lining
structure are listed in Table 1, which were gained based on
the borehole drilling, related laboratory tests, and previous
studies [1, 17, 21, 28, 29].

For the lining structures of tunnel in seasonal frost re-
gions, the effect of freeze-thaw circle is one of main factors
affecting the mechanical properties of lining structures. At
present, although massive rapid freeze-thaw test data of
concrete have been accumulated, it was still considerably
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Figure 1: Observation of air temperature and precipitation in the study area monitored by Lenghu weather station.
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Figure 2: Observation of air temperature at D1 inside the tunnel monitored with a temperature sensor.
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Figure 3: Numerical model of the Altun mountain tunnel.
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difficult to apply in practical prediction of concrete dura-
bility and freeze-thaw damage due to the great differences of
freeze-thaw between in actual and lab environments. In
previous studies and related works, based on the principle of
Miner damage accumulation, Liu and Tang established a
calculation expression of equivalent lab freeze-thaw cycles of
concrete by comparing and analyzing the difference and
relation between the actual and lab environments [35].+en,
the expression of equivalent freeze-thaw cycles Neq in lab
tests of concrete can be written as

Neq � 
i

Ni

NFi

⎛⎝ ⎞⎠NF � 
i

Ni

κ−ξ
i NF

⎛⎝ ⎞⎠NF � 
i

κξi Ni, i � 1, 2, . . . ,

(20)

where Neq is the equivalent freeze-thaw cycles in lab tests of
concrete; N1 is the number of freeze-thaw cycles in actual
environment of concrete; NF1 is the fatigue life under dif-
ferent freeze-thaw cycles in actual environment of concrete;
κi is the proportional coefficient between hydrostatic pres-
sures in lab and actual environments; and ξ is a material
parameter related to concrete (approximately 0.946), which
is a constant under the assumption that the properties of
concrete materials do not change with the freeze-thaw en-
vironment [36]. Based on previous studies and related
works, κi can be written as

κi ≈
_Ti

_T
≈

Ti/t
T/t2

, (21)

where ΔTi is the difference between daily maximum air
temperature and minimum temperature in actual envi-
ronment; t1 is the time interval between daily maximum air
temperature and minimum temperature in actual envi-
ronment; ΔT is the difference between maximum air tem-
perature and minimum temperature in lab environment;
and t2 is the time interval between daily maximum air
temperature andminimum temperature in lab environment.
In previous studies, ΔT/t2 is approximately 12.5°C/h [37].
Based on the measured air temperature data in this study, κi
can be calculated using equation (21), as shown in Table 2.
Meanwhile, the equivalent freeze-thaw cycles in lab tests of
concrete (EFTC) of this tunnel is 0.92 1/y in actual envi-
ronment with WTIL.

But for STIL, the EFTC of the lining structure would be
smaller with the effect of insulation layer. Due to the limited
of actual site operation, there was no temperature sensor
laying in the lining structure of the tunnel. +en, based on
the measured air temperature, the EFTC with STIL can be
gained using numerical simulation in this study.

According to the construction instructions of the tunnel,
a 5 cm thick insulation material was laid with STIL. In

numerical simulation, the thermal conductivity and specific
heat capacity of insulation layer were set as 0.025W/(m·°C)
and 5000 kg·°C, respectively. Based on measured air tem-
perature, the maximum air temperature at D1 section was
17.3°C and the minimum was −17.5°C. Using equation (21),
ki was 2.9 under most unfavorable situation. In numerical
simulation, the inner surface of TIL with STIL was set as
convection heat transfer boundary and the air temperature
can be written as

Tair �

34.8t

12
− 17.3, 0≤ t≤ 12 h,

−
34.8(t − 12)

12
+ 17.5, 12 h≤ t≤ 24 h.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(22)

Based on the simulation results, it could be found that
the temperature of the inner surface of the TIL is basically
the same as the air temperature after the whole freeze-thaw
cycle, while the change of inner surface of the second lining
structure is much smaller than that of inner surface of TIL
(Figure 4). Meanwhile, the EFTC of the second lining
structure (SLS) under STIL was 0.17 1/y using equation (21).

Based on previous studies and related works, the rela-
tionship between the dynamic elastic modulus and time of
concrete can be written as [38]

En1 � −7.07 + 3.54e
(n/59.89)

+ 3.54e
(n/73.20)

R
2

� 0.99 ,

En2 � −5.16 + 2.58e
(n/84.38)

+ 2.58e
(n/103.13)

R
2

� 0.97 ,

(23)

where En1 and En2 are the dynamic elastic modulus of
primary lining structure (PLS) and second lining structure
(SLS), respectively, and n is the number of freeze-thaw cycles
in lab environment. In this study, the physical parameters in
numerical simulation are listed in Table 3.

4.2. BoundaryConditions. +e thermal boundary conditions
of the tunnel in the numerical simulation were determined
as follows. +e upper boundary AB and the inner wall of the
tunnel were set as heat convection boundary. According to
the geothermal gradient beneath the tunnel, the heat flux at
CD was 0.03W/m2. +e lateral boundary BC was thermal
insulation boundary and AD was the symmetry boundary.
+e water boundary conditions were determined as follows.
+e boundaries AB, BC, and CD were set as waterproof
boundaries without the consideration of rainfall on the water
content of SR. +e boundary AD was also set as symmetry
boundary. +e stress boundary conditions were determined
as follows. +e displacement of boundary BC in lateral

Table 1: +ermal and hydraulic parameters of lining structures, insulation layer, and SR in the simulation.

Parameters λu W/(m·°C) λf W/(m·°C) Cu J/(kg·°C) Cf J/(kg·°C) a b α (m−1) θr θs Ks (m·s−1) ρ (kg·m−3) Ls (J·m−3)

PLS 2 2 2.30×106 2.30×106 — — — — — — 2500 —
SLS 2 2 2.30×106 2.30×106 — — — — — — 2500 —
TIL 0.037 0.037 9.40×105 9.40×105 — — — — — — 188 —
SR 1.47 1.82 2.09×106 1.84×106 9.3 0.52 2.3 0.02 0.25 1.2×10−8 1700 3.77×107
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Table 2: +e calculation value of κi at D1 section of the tunnel using equation (21).

Date Minimum air temperature (°C) Maximum air temperature (°C) Time interval (h) ki
2019/11/21 −0.47 1.90 12 0.02
2019/11/22 −0.12 2.50 8 0.03
2019/11/25 −2.55 1.00 12 0.02
2019/11/27 −1.05 2.00 8 0.03
2019/11/28 −6.77 1.20 16 0.04
2020/3/7 −2.67 0.80 8 0.03
2020/3/18 −3.07 1.30 8 0.04
2020/3/19 −2.45 0.60 8 0.03
2020/3/20 −2.23 0.80 8 0.03
2020/3/22 −1.47 1.70 8 0.03
2020/3/23 −1.80 0.90 8 0.03
2020/3/25 −1.08 2.00 8 0.03
2020/3/26 −1.28 0.30 8 0.02
2020/3/27 −0.65 1.80 8 0.02
2020/3/29 −1.98 0.50 8 0.02
2020/3/30 −2.35 0.50 8 0.03
2020/4/1 −1.90 1.80 12 0.02
2020/4/2 −3.33 1.20 8 0.05
2020/4/4 −2.87 0.40 8 0.03
2020/4/5 −1.53 2.20 12 0.02
2020/4/6 −2.00 0.80 8 0.03
2020/5/7 −1.87 0.30 8 0.02
2020/10/10 −0.63 3.30 16 0.02
2020/10/11 −2.02 1.00 20 0.01
2020/10/14 −2.67 2.10 20 0.02
2020/10/15 −3.03 0.50 16 0.02
2020/10/16 −2.20 1.40 16 0.02
2020/10/17 −2.43 0.10 8 0.03
2020/10/18 −1.33 2.20 16 0.02
2020/10/22 −0.15 4.00 16 0.02
2020/10/24 −0.83 4.10 16 0.02
2020/10/25 −2.63 0.20 16 0.01
2020/10/29 −2.15 3.20 16 0.03
2020/11/2 −2.37 0.40 16 0.01
2020/11/8 −0.83 0.60 8 0.01
2020/11/10 −0.65 2.30 12 0.02
2020/11/16 −4.72 2.90 16 0.04
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Figure 4: +e variation of temperatures at inner surfaces of TIL and SLS.
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direction was set as 0m. +e displacement of boundary CD
in vertical direction was also 0m. +e boundary AD was set
as symmetry boundary.

With the mathematical model including liquid water
flows, heat transfer, and mechanism equation mentioned
above, the frost problem could be solved by the commercial
software of COMSOL Multiphysics. +e spatial and tem-
poral discretization of mathematical model and governing
equations were carried out through using finite method [5].
+is simulation was conducted over a time period of 50 years
before the tunnel excavation to gain the initial field con-
ditions. After the excavation, the boundary conditions were
set as the ones described above.

5. Results and Analysis

5.1. Long-Term Cermal and Stress Regimes at D1 of the
Tunnel. For the most tunnels in permafrost regions on the
QTP, the MSFD generally occurs in mid-April. In the fol-
lowing analysis, the timepoint was chosen to investigate the
long-term thermal regimes of the SR and stress regimes of
the lining structures.

Figure 5 shows the thermal regimes at D1 in WTIL on
April 15 in 5 years of the operation period of the tunnel. It
can be seen that, due to the heat exchange between the air
changing with the time and the lining structures, the SR close
to the lining structures had a lower temperature on April 15
in 5 years of the operation period, while with the distance
from the lining structures increasing, the temperature of the
SR gradually rose. In the 5th year of the operation period, the
MSFD of the SR was 1.6m, approximately. +en, due to the
geometrical shape of the tunnel, the thermal regimes of
different position of the tunnel were considerably different.
For example, the MSFD of the SR at the inverted arch was
obviously smaller than that of the vault, while the MSFD of
the SR at the foot of arch was situated between the two.

Figure 6 shows the stress regimes of the primary lining
structure at D1 in WTIL on April 15 in 5 years of the
operation period of the tunnel. It can be seen that both the
MAPS and MIPS of the primary lining structure in cold
season are bigger than those in warm season. For example,
the absolute maximum value of MAPS in cold season was
−3.6MPa, while that in warm season was −2.3MPa.
Moreover, the absolute maximum value of MIPS in cold
season was −1.4MPa, while that in warm season was
−1.0MPa. +e tensile stress of the primary lining structure
was 0.7MPa in cold season and 0.2MPa in warm season. It
reflected that in cold season, due to the heat exchange be-
tween the cold air and the SR, the liquid water in the SR was
transferred to the solid ice leading the frost heave force
loading on the primary lining structure, while in warm

season, there was no frost heave force surrounding the
primary lining structure. Moreover, the material of the
primary lining structure belonged to be the material which
cannot resist too much tensile stress. +en, it was consid-
erably essential to decrease the tensile stress related to the
frost heave force on the primary lining structure.

Figure 7 shows the stress regimes of the second lining
structure at D1 in WTIL on April 15 in 5 years of the
operation period of the tunnel. It can be seen that the size
relationship of the MAPS and MIPS of the second lining
structure was generally the same as that of the primary lining
structure. For example, the absolute maximum value of the
MAPS of the second lining structure in cold season was
−5.4MPa, which was 0.9MPa bigger than that in warm
season. +e absolute maximum value of the MIPS of the
second lining structure in cold season was −2.8MPa, which
was also 1.7MPa bigger than that in warm season.Moreover,
the tensile stress in cold season was 0.8MPa, while that in
warm season was only 0.46MPa.

+e above results showed that in cold season both the
absolute values of MAPS and MIPS of the primary and
second lining structure were bigger than those in warm
season. Moreover, both the values of tensile stress of the
primary and second lining structure were bigger than those
in warm season. For the lining structures of the tunnel,
which cannot resist too much tensile stress, it was consid-
erably essential to decrease the tensile stress related to the
frost heave force on lining structures.

5.2. Impacts of InsulationLayingMethods onCermalRegimes
at D1 of the Tunnel in Cold Seasons. Figure 8 shows thermal
regimes of SR at D1 inWTIL and STIL on April 15 in 5 years

Table 3: +e physical parameters of lining structure and SR in numerical simulation.

Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio +ermal expansion coefficient (1/°C)
SR 1800 900 0.3 5×10−5

PSL 2500 2800 0.2 6×10−5

SLS 2500 3000 0.2 6×10−5

TIL 188 0.2 0.2 5×10−5
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Figure 5: +ermal regimes at D1 inWTIL on April 15 in 5 years of
the operation period of the tunnel.
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of the operation period of the tunnel. +e MSFD calculated
from the outer surface of the primary lining in WTIL was
1.6m at vault of the tunnel and it was only 1.0m at the
inverted arch, while in STIL, the MSFD at vault of the tunnel
was 0.1m and it at the inverted arch was 1.0m. +e value of
the MSFD can reflect the thermal effect of the heat exchange
between the air inside the tunnel and the lining structure.
+en, the values ofMSFD at vault and inverted arch inWTIL
were generally bigger than those in STIL. Moreover, al-
though there was insulation layer laid on the surface of the
lining structure, the values of MSFD at inverted arch were
basically the same both in WTIL and in STIL due to the
design of insulation layer. In STIL, only the lining structure
above the foot of the arch was laid on the insulation layer due

to the difficulties of laying below the pavement inside the
tunnel.

5.3. Impacts of Insulation LayingMethods on Stress Regimes at
D1 of the Tunnel in Cold Seasons. Figure 9 shows MAPS in
STIL, MAPS in WTIL, MIPS in STIL, and MIPS in WTIL of
the primary lining structure at D1 on April 15 in 5 years of
the operation period of the tunnel. It can be seen that both
theMAPS andMIPS of the primary lining structure inWTIL
are bigger than those in STIL. For example, the absolute
maximum value of MAPS in STIL was −3.6MPa, while that
in WTIL was −5.8MPa. Moreover, the absolute maximum
value of MIPS in STIL was only −1.4MPa, while that in
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Figure 6: Stress regimes of the primary lining structure at D1 inWTIL on April 15 in 5 years of the operation period of the tunnel. (a) MAPS
in cold season. (b) MAPS in warm season. (c) MIPS in cold season. (d) MIPS in warm season.
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WTIL was −3.0MPa. +e tensile stress of the primary lining
structure was 0.7MPa in STIL and 0.2MPa in WTIL. It
reflected that in STIL, due to the existence of the insulation
layer, the thermal effect of heat exchange between the cold
air and the lining structure decreased. +en, with this
thermal effect, the liquid water in the SR was transferred to
the solid ice leading the frost heave force loading on the
primary lining structure.+is meant that, in STIL, the values
of the MAPS and MIPS were all smaller than those in WITL
due to the existence of the insulation layer. Moreover, both
the positions of the maximum absolute value of MAPS in
STIL and WTIL were at the hance of the arch. +e positions
of the maximum tensile stress of the primary lining structure
in STIL and WTIL were at the hance and inverted arch.

Figure 10 shows MAPS in STIL, MAPS in WTIL, MIPS
in STIL, and MIPS in WTIL of the second lining structure
at D1 on April 15 in 5 years of the operation period of the
tunnel. It can be seen that both the MAPS and MIPS of the
second lining structure in WTIL were bigger than those in
STIL. For example, the absolute maximum value of MAPS
in STIL was −5.4MPa, while that in WTIL was −11.0MPa.
Moreover, the absolute maximum value of MIPS in STIL
was only −1.1MPa, while that in WTIL was −4.7MPa. +e
tensile stress of the primary lining structure was 0.5MPa
in STIL and 2.3MPa in WTIL. It reflected that in STIL,
due to the existence of the insulation layer, the thermal
effect of heat exchange between the cold air and the lining
structure decreased. +en, with this thermal effect, the
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Figure 7: Stress regimes of the second lining structure at D1 inWTIL on April 15 in 5 years of the operation period of the tunnel. (a) MAPS
in cold season. (b) MAPS in warm season. (c) MIPS in cold season. (d) MIPS in warm season.
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Figure 8: +ermal regimes of SR at D1 in (a) WTIL and (b) STIL on April 15 in 5 years of the operation period of the tunnel.
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Figure 9: Stress regimes of the primary lining structure at D1 on April 15 in 5 years of the operation period of the tunnel. (a) MAPS in STIL.
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liquid water in the SR was transferred to the solid ice
leading to the frost heave force loading on the primary
lining structure. +is meant in STIL the values of the
MAPS and MIPS were all smaller than those in WITL due
to the existence of the insulation layer. Moreover, both the
positions of the maximum absolute value of MAPS in
STIL and WTIL were at the hance of the arch. +e po-
sitions of the maximum tensile stress of the primary lining
structure in STIL and WTIL were at the inverted arch. For
the lining structures, the greater tensile stress was gen-
erally harmful. +us, the inverted arch of the tunnel
should be laid on the insulation layer.

6. Conclusions

In seasonal permafrost regions, there are many frost problems
of the tunnel due to the heat exchange between the air and
lining structure after excavation. In this paper, a coupled
mathematical model of heat, moisture transfer, and stress was
constructed to investigate the long-term thermal and stress
regimes of lining structures and SR of Altun highway tunnel
on the QTP. Using numerical simulations, thermal and stress
regimes of the tunnel in cold seasons were analyzed during a
5-year period, as well as the impact of the insulation layer
methods. +e conclusions were obtained as follows:
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Figure 10: Stress regimes of the second lining structure at D1 on April 15 in 5 years of the operation period of the tunnel. (a) MAPS in STIL.
(b) MAPS in WTIL. (c) MIPS in STIL. (d) MIPS in WTIL.
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(1) In seasonally permafrost regions, there was a sig-
nificant thermal disturbance of the SR after the
tunnel excavation. In the 5th year of the operation
period, the MSFD of the SR can reach 1.6m at the
vault of the arch. Moreover, the MSFD at the
inverted arch was only 1.0m due to the pavement
inside the tunnel, while the MSFD of the SR of the
foot of arch was situated between the two, which
reflects that the thermal regimes of different posi-
tions of the tunnel were considerably different due to
the geometrical shape of the tunnel.

(2) Both the absolute maximum value of MAPS and
MIPS in cold season were bigger than those in
warm season. In the 5th year of the operation
period, the absolute maximum value of MAPS in
cold season was −3.6MPa, while that in warm
season was −2.3MPa. Moreover, the absolute
maximum value of MIPS in cold season was
−1.4MPa, while that in warm season was
−1.0MPa. +e tensile stress of the primary lining
structure was 0.7MPa in cold season and 0.2MPa
in warm season. And the law of stress regimes of
primary lining structure was the same as those of
the second lining structure. It reflected that in cold
season, due to the heat exchange between the cold
air and the SR, the liquid water in the SR was
transferred to the solid ice leading to the frost
heave force loading on the lining structure, while
in warm season, there was no frost heave force
surrounding the lining structure.

(3) Both the MAPS and MIPS of the lining structure in
WTIL are bigger than those in STIL.

+e absolute maximum value of MAPS of the primary
lining in STIL was −3.6MPa, while that in WTIL was
−5.8MPa. Moreover, the absolute maximum value of MIPS
of primary lining in STIL was only −1.4MPa, while that in
WTIL was −3.0MPa.+e tensile stress of the primary lining
structure was 0.7MPa in STIL and 0.2MPa in WTIL. And
the law of stress regimes of primary lining structure was the
same as those of the second lining structure. It reflected that
in STIL, due to the existence of the insulation layer, the
thermal effect of heat exchange between the cold air and the
lining structure decreased, while the position of maximum
value of MAPS and MIPS differs in STIL and WTIL. +e
positions of the maximum tensile stress of the primary
lining structure in STIL and WTIL were at the hance and
inverted arch, while the positions of the maximum tensile
stress of the primary lining structure in STIL and WTIL
were at the inverted arch. For the lining structures, the
greater tensile stress was generally harmful. +us, the
inverted arch and the hance of the tunnel should be laid on
the insulation layer.
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Nuclear magnetic resonance (NMR) technology provides an innovative method employed in detecting the porous structures in
frozen rock and soil masses. On the basis of NMR relaxation theory, fuzzy random characteristics of the NMR T2 spectrum and
pore structure are deeply analyzed in accordance with the complex and uncertain distribution characteristics of the underground
rock and soil structure. By studying the fuzzy random characteristics of the NMR T2 spectrum, the fuzzy random conversion
coefficient and conversion method of the T2 spectrum and pore size distribution are generated. Based on the niche principle, the
traditional genetic algorithm is updated by the fuzzy random method, and the improved niche genetic algorithm is proposed.
0en, the fuzzy random inversion of the conversion coefficient is undertaken by using the improved algorithm. It in turn makes
the conversion curve of the T2 spectrum and pore size distribution align with the mercury injection test curve in diverse pore
apertures. Compared with the previous least square fitting method, it provides a more accurate approach in characterizing
complicated pore structures in frozen rock and soil masses. In addition, the improved niche genetic algorithm effectively
overcomes the shortcomings of the traditional genetic algorithm, such as low effectiveness, slow convergence, and weak
controllability, which provides an effective way for parameter inversion in the section of frozen geotechnical engineering. Finally,
based on the T2 spectrum test of frozen sandstone, the fuzzy random characterization of frozen sandstone pore distribution is
carried out by using this transformation method. 0e results illustrate that the conversion coefficient obtained through the
improved algorithm indirectly considers the different surface relaxation rates of different pore sizes and effectively reduces
the diffusion coupling effects, and the pore characteristics achieved are more applicable in engineering practices than
previous methods.

1. Introduction

As a key objective in frozen geotechnical engineering, frozen
rock and soil masses are random, porous, and heteroge-
neous, characterised by noticeable composition complexity,
structural diversity, and extreme anisotropy. 0erefore,
accurately obtaining the microscopic structures for frozen
rock and soil under different conditions is of great signifi-
cance when studying its physical and mechanical properties.
Nowadays, there are a multitude of experimental approaches
in detecting the pore structure of rock and soil. Amongst

them, low-field nuclear magnetic resonance testing is a
nondamaging and repeatable technology, known for its high
effectiveness and reliability. 0is technology has become one
of the important methods applied in detecting porous
structure characteristics for frozen rock and soil masses [1].

0e low-field nuclear magnetic resonance testing is
based on the mechanism of nuclear magnetic resonance
theory, and the NMR relaxation spectrum is acquired by
measuring and inversing the relaxation signal. 0is tech-
nology establishes the conversion relationship between the
relaxation time and pore size measurement and obtains the
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pore distribution rule [2].0erefore, the accurate acquisition
of the pore distribution law not only relies on nuclear
magnetic resonance testing technology but also requires an
accurate conversion method of relaxation time and pore size
measurement.

In view of this problem, previous scholars had carried
out a lot of research that generally fell among four types of
methods: the first type was based on nuclear magnetic
resonance test theory. Assuming the linear relationship
between T2 spectrum and pore distributions, the NMR T2
spectrum detected was converted to the NMR capillary force
curve and then fitted to determine the best conversion
coefficient through the mercury intrusion test [3]. 0e
second was underlaid on the principle of similarity.
According to the NMR T2 spectrum, power functions were
used to construct the NMR capillary force curve. Combined
with test data from mercury injection or gas adsorption, the
conversion coefficient was finally achieved by data inversion
[4]. 0e third method was to modify the NMR T2 spectrum
by eliminating the effects of boundary pores and then obtain
the corresponding conversion coefficients through inte-
gration of first and second methods [5]. 0e fourth one was
to compute the pseudocapillary pressure curve using the
two-dimensional equilateral scale conversion coefficient and
obtain the longitudinal conversions between the NMR T2
spectrum and pore distribution curve [6].

Due to lacking of computational models, former re-
searchers, to a certain extent, chose neglecting the Brownian
motion of the fluidmolecules, which behaves in a highly degree
of randomness, and specific physical and chemical environ-
ments where the fluid flows through when interpreting NMR
relaxation signals [7]. Meanwhile, pore structures measured by
methods such as mercury injection and gas adsorption were
majorly restricted by the flow of working fluids and the rel-
evant injecting pressures. 0erefore, it also possessed a strong
fuzziness [8]. It can be seen that existing testing and converting
technologies are disputable in characterizing the complex
structures of the rock and soil masses, and their anisotropic
distribution characteristics, because of ignoring the natural
phenomena of randomness and fuzziness, ultimately lead to
misleading results in pore structure observation.

Hence, this study set forth to expound fuzzy and random
properties existed in NMR T2 spectrum interpretation and
pore structure observation. Based on fuzzy random theory,
an improved niche genetic algorithm was proposed to en-
hance the intelligence of the existing computational model
and furthermore applied in the domain of NMR T2 spectrum
detecting optimization.

2. Theoretical Basis

2.1. Test Conditions and Basic Hypotheses

(1) 0e hydrogen nuclear resonance signal of the tested
rock and soil can only be generated by the working
fluid

(2) 0e saturated pores of each aperture only produce a
corresponding T2 value, and perturbation and in-
terference from echo train signal are ignored

(3) 0e voids remain in only two states: fully saturated
and fully unsaturated

2.2. 5e Relationship between NMR Transverse Relaxation
Characteristics and Pore Structure. 0e low-field NMR T2
spectrum test of the rock and soil mass is tested by CPMG
(Carr–Purcell–Meiboom–Gill) pulse sequence. 0e direct
result is a series of spin echo trains generated by a specific
pulse sequence. 0e amplitude of the echo train represents
the total magnetization signal under this relaxation time.0e
initial amplitude of the echo train is directly proportional to
the number of hydrogen nuclei in the fluid under test. 0e
amplitude of the spin echo train can be fitted with the sum of
a set of exponential decay curves. 0e decay constant of each
exponential curve is the T2 distribution.

Within a single pore, mathematically, the corresponding
relationship between T2 distribution and pore size has
proved, and the equation is

1
T2

�
1

T2B

+
1

T2S

+
1

T2 D

�
1

T2B

+
1

T2S

+
cGTE( 

2
D

12
, (1)

1
T2
≈

1
T2S

�
Sh

V

nm

T2M

� ρ2
S

V
 

pore
� ρ2

Fs

r
, (2)

where T2B is the volume relaxation time, determined by the
inherent properties of the fluid, T2S is the surface relaxation
time, T2 D is the diffusion relaxation time, c is the hydrogen
nuclear gyromagnetic ratio, G is the effective magnetic field
gradient, TE is the CPMG pulse sequence echo interval, D is
the effective diffusion coefficient, S is the surface area of the
pore, h is the thickness of the fluid layer that can relax, V is
the volume of the pore, nm is the proportion of paramagnetic
ions, T2M is the relaxation time of coupling between
paramagnetic ions and protons, ρ2 is the surface lateral
relaxation strength, Fs is the geometric factor of pore shape,
and r is the capillary radius.

It can be seen from the above equation that the pore
geometry is different; the ratio of the pore surface area to the
volume and the lateral surface relaxation rate are also dif-
ferent. 0erefore, the amplitude of the T2 spectrum repre-
sents signals of different strengths at this relaxation time,
that is, indirectly indicates the number of specific pore
shapes, as shown in Figure 1.

0e T2 spectrum obtained by the nuclear magnetic
resonance test can be considered as the statistical result of
the pore distribution law of the tested rock and soil.
However, a large number of experimental studies have
shown that the geometry and distribution of pores in the
tested rock and soil have fuzzy randomness. Consequently,
the conversion parameters between the T2 spectrum and the
aperture must be fuzzy and random. If the traditional
conversion equation is directly used to convert the T2
spectrum and the aperture of the rock and soil mass, a
certain degree of distortion will inevitably occur.

2.3. Fuzzy Random Characteristics of Rock and Soil Pores.
Under normal circumstances, in order to achieve the con-
version of T2 spectrum and pore size, high-pressure mercury
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intrusion, gas adsorption, and micro-CT tests are used to
determine the content of the known pore size and perform
conversion calculations based on this [10–12].

Taking the mercury injection test as an example, the
relationship between capillary pressure and capillary di-
ameter can be expressed as

Pc �
2σ cos θ

r
, (3)

where Pc is the capillary pressure, σ is the fluid interfacial
tension, and θ is the wetting contact angle.

According to equations (2) and (3), we can get

2σ cos θ
Pc

≈ Fs × ρ2 × T2. (4)

After the above equation is properly adjusted, the fol-
lowing can be obtained:

Pc � C1 ×
1

T2
, (5)

where C1 is the conversion coefficient between T2 spectrum
and capillary pressure, which can be expressed as the fol-
lowing equation:

C1 �
2σ cos θ
ρ2 × Fs

. (6)

It can be seen that there is a one-to-one correspondence
between the mercury intrusion Pc test and the free pore
signal in the NMR T2 spectrum, that is, each of the mercury
intrusion Pc tests corresponds to a C1 value.0erefore, when
the mercury intrusion test is used to convert the nuclear
magnetic resonance T2 spectrum from a certain rock and soil
mass, the conversion coefficient C1 should not be a fixed
constant as stated in previous research literature. It is
influenced by many factors in practical engineering, so it
should be a fuzzy random value. 0e current conversion
coefficient method is to use the least square method to fit the
T2 spectrum and the mercury intrusion aperture cumulative
curve, so as to obtain the best single-value conversion co-
efficient. Obviously, this method ignores the fuzzy random

characteristics of pore distribution and pore geometry in the
rock and soil mass.

According to equations (2) and (6), it can be derived that
T2, r, and C1 have the following relationship:

T2 �
C1

Pc

�
C1r

2σ cos θ
� Cr, (7)

where C is the conversion coefficient between the T2
spectrum and aperture, which can be expressed as

C �
C1

2σ cos θ
. (8)

It can be seen from the above expression that when using
the mercury intrusion capillary pressure curve and nuclear
magnetic resonance T2 spectrum for aperture conversion,
the conversion relationship between T2 and r can be ob-
tained by inversion of the capillary pressure curve by
combining equations (6) and (7).

When analyzing the pore characteristics of rock and soil,
we often divide the aperture type into small, medium, and
large pores with regard to their diameters. 0e pore di-
ameters obtained bymercury intrusion testing are connected
mesopores and macropores. When performing pore size
conversion, we need to distinguish mesopores and macro-
pores that are connected in the NMR T2 spectrum. However,
the classification of pore size is a relatively fuzzy concept,
and different classification standards immediately lead to
different results. 0e results of the mercury intrusion test
depend on its internal pore connectivity characteristics and
pore wall structures, which also encompass a certain degree
of randomness.

In summary, in the domain of engineering, due to the
uncertainty of the pore distribution and pore geometry in the
rock and soil mass, the conversion coefficient obtained by the
traditional algorithm alone cannot accurately express the pore
characteristics of the rock and soil mass. 0erefore, the fuzzy
random transformation of equation (7) can be adapted as

T2 � Cr, (9)

where C is the fuzzy random conversion coefficient.
According to equation (9), a fuzzy random intelligent

algorithm should be introduced to optimize the conversion
coefficient C so as to more effectively analyze the pore
characteristics of the rock and soil mass.

3. Improved Niche Genetic Algorithm

3.1. Traditional Genetic Algorithm. 0e genetic algorithm
originated from the imitation of biological heredity and
evolution in nature. In the 1960s, Professor Holland of
Michigan University in the United States proposed that
when researching and designing artificial adaptive systems,
he can learn from the mechanism of biological genetics and
use the group method to perform adaptive search to achieve
the purpose of optimizing actual engineering [13–15]. He
randomly generates a set of initial solutions within the scope
of the solution space and calculates the fitness of each in-
dividual in the population. If the termination condition is

T2

T2

T2
T2

Figure 1: Pore characteristics and relaxation characteristics
(according to the data in Figure 1 in [9], it was redrawn with the
new algorithm in the manuscript).
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not satisfied, the program is coded, and then, the genetic
operator is used to select, cross, and mutate the population
to form a new population. 0e fitness of the population is
calculated by decoding until the optimization criterion is
satisfied, and the global optimal solution is finally obtained.

0e characteristic of the algorithm is that the coding
method uses a fixed-length binary symbol string to represent
the individuals in the population, and three basic genetic
operators are used in the iterative operation, namely, the
selection operator, the crossover operator, and the mutation
operator. However, when dealing with practical complex
problems, the traditional genetic algorithm exposes some
disadvantages, such as poor stability, large amount of
computation, and difficulty in controlling nonlinear con-
straints. Especially, in the process of engineering fuzzy
random problems, it appears powerless.

3.2. Niche Improvement of Genetic Algorithm. 0e genetic
algorithm adjusts the degree of similarity between indi-
viduals through the sharing function. Since the similarity has
fuzzy randomness [16, 17], the fitness of the traditional
genetic algorithm can be improved by fuzzy randomness
based on the niche principle.

Niche originated from the concept of biology, which
represents the special living environment of species under a
few conditions. 0erefore, the niche principle can be de-
scribed as follows: classify individuals of a certain generation
according to attributes and divide their respective categories.
Rank individuals in the corresponding category according to
fitness; then, select the top few in each category to form a
new population. Under the condition that the niche criterion
is not met, we adopt the methods of selection, crossover, and
mutation to form a new individual and continue to cycle
until the criterion is met. 0e niche principle can avoid the
local optimum, while ensuring convergence efficiency by
fuzzy random searching solution space through the genetic
algorithm, which provides an effective tool for parameter
optimization of the uncertain problem function [18].

0e improved genetic algorithm is obtained by using the
fuzzy random niche principle [19–21]. 0e concept is as
follows:

(1) Initialize the value of the genetic algebraic counter
t⟵1: categorize according to attributes, and ran-
domly selectM gene elements, which are arranged and
combined as the individuals of the initial population
Z(t), and then, the genetic fitness of each element
Fi(i � 1, 2, 3, . . . , M) is calculated by the equation:

Fi � 
m

k�1
ωk ω − fk( , (10)

ωk �
ak


M
l�1 al

, (11)

where ak is a random number and ω is a fuzzy
number between 0 and 1.

(2) Arrange in the descending order according to the
fitness of the individual: the higher fitness is more

likely to be inherited, and the previous individual
with the greater fitness N is retained (N<M).

(3) Random selection operator: according to the selec-
tion probability Zis, the initial population Z(t) is
selected proportionally. 0e method is roulette
random sampling to obtain the individual Z′(t) after
the selection operation:

Zis �
Fi


M
i�1 Fi

, i � 1, 2, . . . , M, (12)

where M is the group size and Fi is the fitness of the
individual, which can be obtained by the equation:

Fi �
#Ni · 

M
i�1 Fi

M
, (13)

where Ni represents the expected survival number in
the next generation group, M represents the group
size, and #Ni is the integer part of Ni.

(4) Fuzzy crossover operator: the crossover operation is
performed on the selected individual Z′(t)

according to the crossover probability ZC. 0e
method is single-point fuzzy crossover, and then, the
individual Z′(t) after crossover is obtained:

Zc(i) � Zc

��������

1 −
1

M
 



, (14)

where Zc(i) represents the fuzzy crossover proba-
bility of the individual i and Zc is the regular
crossover probability.

(5) Fuzzy mutation operator: the variation operation of
the probability Zm is carried out on the crossover
individual. 0e method is Gaussian fuzzy mutation,
and the individual Z‴(t) after mutation is obtained:

Zm(i) � 1 −
2

exp(1 − (i/M)) + 1
, (15)

where Zm(i) represents the fuzzy mutation proba-
bility of the individual ithe new individual gene value
after Gaussian fuzzy mutation is

G � μ + σ 
M

i�1
ri −

M

2
⎛⎝ ⎞⎠, (16)

where μ and σ are, respectively, the mean value and
standard deviation of Gaussian fuzzy variation,
which are obtained by equations (17) and (18), and ri

are fuzzy numbers between 0 and 1:

μ �
U

k
min + U

k
max

2
, (17)

σ �
U

k
max − U

k
min

6
, (18)

where Uk
max and Uk

min are the maximum and mini-
mum of the gene at the mutation point.
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(6) Fuzzy genetic evolution based on the niche principle:
M individuals obtained after Gaussian mutation are
merged with N individuals retained with greater
fitness to generate a new generation of population.
0e Hamming distance between any two individuals
in the new population is calculated according to the
equation:

Xi − Yj

�����

����� �

������������



M

k�1
xik − xjk 

2




, (19)

where i � 1, 2, . . . , M + N − 1 and j � i + 1,

. . . , M + N.
When ‖Xi − Yj‖<L (L is the niche distance), its
fitness is calculated according to equation (10). 0e
values of F(Xi) and F(Yi) are compared, and niche
punishment for individuals with small fitness is
through the following equation:

F′(X) �
F(X), X satisfies the constraint condition,

F(X) − Z(X), otherwise,


(20)

where F(X) is the original adaptation function of the
individual at the time of initialization, F′(X) is the
new adaptive function of the individual after the
correction of the niche penalty function, and Z(X) is
the niche fuzzy penalty function, which is obtained
by the fuzzy coefficient method or Lagrange method.

(7) 0e individuals of the new generation of population
are recalculated according to equation (20) to obtain
the new fitness, and the individual values are
arranged in the descending order. As in step (2), the
individual with the greater value of new fitness
(N<M) is re-retained.

(8) Set the termination condition of the genetic algo-
rithm: if the threshold value does not meet the
conditions, the first M individuals are selected as a
new round of continuous evolution according to step
(7). Until the criteria are met, output the best in-
dividual and exit the loop.

According to the above idea, a flowchart about the
improved niche genetic algorithm is created, as shown in
Figure 2.

4. Fuzzy Random Inversion of Conversion
Coefficient between T2 Spectrum and Pore
Size Distribution

4.1. Fuzzy Random Inversion of Conversion Coefficient. In
order to verify the effect of the improved algorithm, the
NMR test data of sandstone samples in [9] is taken as an
example to analyze. 0e fuzzy random inversion of the
conversion coefficients for different pore sizes is undertaken
by using the improved niche genetic algorithm to analyze the
fuzzy random characteristics of sandstone pore sizes which

are more in line with the actual engineering conditions.
According to the improved niche genetic algorithm,
MATLAB is used for programming. Initialize t � 1,
M � 150, N � 80, Zc � 0.75, Zis � 0.80, and Zm � 0.1; the
distance parameter between niches is 0.65, the coding adopts
real number coding, and the length is 13 bits; the fuzzy
random parameter C is the population individual, the
penalty coefficient is set to 10− 20, and the termination al-
gebra is 1000.

Based on the NMR test data and after loop iterations
according to the improved niche genetic algorithm, the
global optimal solution is the fuzzy random inversion value
of the conversion coefficient. Taking into account the fuzzy
random characteristics of the pore size distribution, the
classification method of [1, 22–25] is used to distinguish the
pore type, that is, the transverse relaxation time T2 is less
than 5.8ms for small apertures, 5.8∼33ms for medium
apertures, and greater than 33ms for large apertures, re-
spectively. 0e results of comparing the transformation
coefficient inversion with the least square method and the
niche genetic method under different aperture conditions
are shown in Table 1.

As shown in Table 1, the conversion coefficient C

inverted by the improved niche genetic algorithm effectively
reflects the fuzzy random characteristics of the pore dis-
tribution, pore shape, and pore size of the underground rock
and soil with interval values, which is more reasonable than
the fixed conversion coefficient fitted by the traditional least
square method.

Considering that the conversion coefficients after fuzzy
random inversion in Table 1 are fuzzy interval values, in
order not to lose generality, equation (21) can express the
fuzzy random state of different apertures:

b � ⋃
α∈(0,1]

α[0.6 +(α − 1)0.1, 0.6 +(1 − α)0.1], (21)

where b is the aperture fuzzy random state function and α is
the constraint level (α � 0.75). According to the fuzzy in-
terval algorithm, the fuzzy random conversion coefficient C

can be calculated.
Taking the sandstone GG5-1 sample in [9] as an example,

according to the conversion coefficient of T2 spectrum and
pore radius obtained, the least square method and improved
niche genetic algorithm are used to convert the T2 spectrum,
respectively.0e result comparison for conversion curves and
mercury injection testing curve is shown in Figure 3.

By comparing the curves, it is found that the improved
niche genetic algorithm can effectively invert the conversion
coefficients. 0is new algorithm makes the T2 spectrum
conversion curve better match the mercury intrusion test in
the case of small aperture, medium aperture, and large
aperture. Compared with the previous least squares fitting
method, the curve can more accurately reflect the actual
characteristics of the pore structure of rock and soil.

4.2. Algorithm Efficiency Comparison. 0e RedHat 9.0 sys-
tem is configured on the LINUX host, and the least square
method, traditional genetic algorithm, and improved niche
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Figure 2: Flowchart of the improved niche genetic algorithm.
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genetic algorithm are used to simulate the inversion process
of the conversion coefficient. 0e comparison effect of the
inversion efficiency of various algorithms is shown in
Figure 4.

As can be seen from the algorithm comparison figure,
with the increase of the problem scale, the improved niche
genetic algorithm has the characteristics of smaller error,
higher efficiency, and obvious robustness compared with
other algorithms.

5. Fuzzy Random Analysis of Pore Structure of
Frozen Sandstone

5.1. T2 Spectrum Test during Freezing. Applying the fuzzy
random analysis method in this paper and taking the coarse
sandstone of Jurassic Anding Formation as the object, the
low-field NMR test system (MesoMR23-060V-I, Niumai
Company, Suzhou, China) is used to conduct the T2
spectrum test in the freezing process [26, 27]. Select a sample
of quartz sandstone, which has a saturated water content of
8.02% and a dry density of 2.13 g/cm3, see Figure 5.

In the early stage, through the results of the T2 spectrum
measured every hour under the same temperature condition,
it is known that the T2 signal can be stabilized after a single
temperature point is maintained for 1.5 to 2.3 hours.

0erefore, in order to ensure that the sample temperature
reaches a stable state at each temperature point, each
temperature point should be maintained for 3 hours. 0e
cooling path adopted is shown in Figure 6. During the
freezing process, the T2 spectrum test procedure is as fol-
lows: (1) make sandstone into a cylindrical sample with a
diameter of 25mm and a height of 60mm. (2) Pressurize and
saturate the sample in a vacuum saturation device for 24
hours, and set the pressure to 0.1MPa. (3) After the satu-
ration, the CPMG sequence is used to sequentially perform
the T2 spectrum test on the saturated sample during the
cooling process.

0e T2 spectra at different temperature points obtained
from the test are shown in Figure 7.

5.2. Fuzzy Random Conversion and Analysis of T2 Spectrum.
According to the fuzzy random interval values of the T2
spectrum and aperture conversion coefficient retrieved by the
improved niche genetic algorithm in Table 1 and combined
with the fuzzy random distribution of different apertures, as
shown in equation (21), the fuzzy random conversion coef-
ficient is obtained by using the fuzzy interval operation. 0us,
the T2 spectra of frozen sandstone are converted to interpret
pore distribution curves, as shown in Figure 8.

Comparing the aperture distribution and the T2 spec-
trum, it can be found that, with the decrease of temperature
in the T2 spectrum, the pores distributed in the small pore
size range have shifted to the direction of short relaxation
time. In many references, it is believed that it is caused by the
influence of diffusion coupling [28, 29]. However, the result
of Figure 8 shows that this phenomenon does not exist in the
aperture distribution after fuzzy random conversion. 0e
reason is that the improved niche genetic algorithm is used
to carry out fuzzy random inversion of pore parameters in
this paper, and the conversion coefficient obtained indirectly
takes into account the different surface relaxation rates of

Table 1: Comparison of conversion coefficient inversion results.

Aperture type Least squares method

Improved
niche genetic
algorithm

Cmin Cmax

Small aperture 31.95 24.37 40.62
Medium aperture 45.34 36.52 58.71
Large aperture 62.07 48.19 76.35
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Figure 3: Comparison of T2 spectrum conversion curves
(according to the data in Figure 1 in [9], it was redrawn with the
new algorithm in the manuscript).
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different pore sizes, thus effectively reducing the charac-
terization of the diffusion coupling phenomenon.

From the inverted pore size distribution diagram, it can be
seen that when the freezing temperature decreases from
positive temperature to − 2°C, the frozen pores are only dis-
tributed in the range of large aperture and medium aperture.
However, according to T2 spectra, some pores distributed in
the range of small aperture are frozen. 0e classification range
of the pore size obtained by the inversion of the improved niche
genetic algorithm is shown in Table 2. As shown in the table,
the upper limit of the small aperture of this rock is 0.089μm
and the upper limit of the medium aperture is 1.015μm.

It is found that the pore size is inversely proportional to
the degree of water confinement. 0erefore, the larger the
pore size in the freezing process, the higher the freezing
temperature is required. In other words, the pore size range
of the multipeak distribution should be greatly different after
the sudden drop in water content. In conclusion, for the
frozen rock in this experiment, the pore structure charac-
terization obtained according to the fuzzy randommethod is
more consistent with the actual engineering situation.

6. Conclusion

In this paper, the fuzzy random characteristics of the NMR
T2 spectrum and pore structure are deeply analyzed in ac-
cordance with the complex and uncertain distribution

characteristics of the underground frozen rock and soil
structures. By studying the fuzzy random characteristics of
the NMRT2 spectrum, the fuzzy random conversionmethod
of T2 spectrum and pore size distribution is generated, and
the following conclusions can be drawn:

(1) 0e traditional genetic algorithm is updated by the
fuzzy random method in terms of the niche
principle, and the improved niche genetic algo-
rithm is proposed. 0e improved algorithm ef-
fectively overcomes the shortcomings of the
traditional genetic algorithm, such as low effective-
ness, slow convergence, and weak controllability,
which provides an effective way for parameter
inversion in the section of frozen geotechnical
engineering.

(2) 0e fuzzy random inversion of the conversion co-
efficient is carried out by using the improved niche
genetic algorithm. It in turn makes the conversion
curve of T2 spectrum and pore size distribution align
with the mercury injection test curve in diverse pore
apertures. Compared with thre previous least square
fitting method, it provides a more accurate approach
in characterizing complicated pore structures in
frozen rock and soil masses.

(3) Based on the T2 spectrum test of frozen sandstone,
the fuzzy random transformation method is used to
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Figure 8: Pore size distribution during freezing.

Table 2: T2 value and pore size of different pores.

Aperture type T2 (ms)
Inversion results under different conditions (μm)

Only small aperture All aperture ranges exist
Small aperture 0.1∼5.8 <0.089 <0.178
Medium aperture 5.8∼33 — 0.178∼1.015
Large aperture 33∼410 — 1.015∼12.62
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characterize the frozen sandstone pore distribution.
0e results show that the conversion coefficient
obtained by the improved niche genetic algorithm
indirectly considers the different surface relaxation
rates of different pore sizes and effectively reduces
the diffusion coupling phenomenon, and the pore
characteristics obtained are more consistent with the
engineering practice than the previous methods.
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+e waste crumb rubber (WCR) and silica fume (SF), as industrial waste and byproduct, are widely used as additives in road
construction materials, which can not only realize waste utilization and protect the environment but also reduce the consumption
of buildingmaterial resources. At present, most of the research has focused on the properties of concretemodified only byWCR or
SF; there are few studies concentrated on composite modified concrete by the two, especially the study on pervious concrete (PC).
+is article aims to study the mechanical strength, deformability, and freeze-thaw (F-T) resistance of waste crumb rubber/silica
fume composite modified pervious concrete (RSFPC). +e RSFPC and control specimens were manufactured in the lab. +e
experiments of compressive strength, flexural strength, flexural failure strain, flexural elastic modulus, and F-T cycles were
conducted. In addition, the properties of RSFPC were compared with WCR and SF single modification PC. +e results indicate
that the composite modification of WCR and SF can give full play to the advantages of the two materials so that the strength
property and elastic modulus of PC will not be decreased and the F-T resistance and deformability can be greatly improved.
Compared to a single modification group byWCR or SF, RSFPC has a more balanced and comprehensive performance, which will
greatly expand the application of PC.

1. Introduction

In the process of urbanization, the unprecedented levels of
urbanization not only brings great convenience to people’s
life but also causes many social and environmental problems
[1–3]. Due to the excessive consumption of natural resources
and the increase of carbon emissions, global climate change
is becoming more and more obvious. Extreme severe
weather conditions such as high temperature and flood
frequently occur [4–6]. At the same time, the urban surface
is covered by a dense concrete structure, which blocks the
flow of water and gas between underground and ground,
causing many urban problems, such as urban waterlogging,

groundwater recession, noise pollution, and urban heat is-
land phenomenon [7–10]. With the increasing prominence
of urban problems and people’s awareness of environmental
protection, it has become the focus of people’s attention to
construct green and sustainable development of city-people-
environment. +us, China has proposed the concept of
sponge city in 2012 [11]. In 2015, the first batch of sponge
city construction pilot city was determined, and 16 cities
were shortlisted. Meanwhile, state finance provided 10
billion CNY as support.

+e most important component of sponge city con-
struction is urban pervious pavement; it is a kind of
pavement structure with connected pores that can realize the
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functions of being permeable and breathable. It can well
solve the urban problems brought by impervious pavement,
and it is an ecological and environmental protection
pavement structure [12, 13]. Compared with the traditional
impervious pavement structure, the pervious pavement has
several advantages: (1) raising the groundwater level and
replenish groundwater resources, (2) reducing urban surface
runoff and alleviate urban waterlogging, (3) reducing urban
noise pollution and improving urban living environment,
and (4) alleviating urban heat island phenomenon and
improving the urban ecological environment. At present, PC
is widely used in parks, sidewalks, light vehicle roads, and
squares [14–16]. Generally speaking, the permeability and
compressive strength of PC can meet the engineering re-
quirements [17–20]. However, when PC is used as road
surface or base layer, it will often be subjected to the repeated
vehicle loads, which requires that PC not only has sufficient
strength but also has certain deformability to resist fatigue
[21]. Moreover, the porous structure of PC makes the ad-
verse effect of F-T more serious than that of ordinary
concrete. So, the F-T resistance of PC is also very important
[22, 23]. +erefore, good deformability and F-T resistance
for PC in seasonal frozen regions are as important as per-
meability and strength property.

WCR has been widely used in road engineering for its
high toughness and antiaging properties. +e application of
WCR in ordinary concrete shows that WCR can effectively
improve the deformation property, F-T resistance, tough-
ness, vibration, and noise reduction performance of con-
crete, but it has a negative impact on its strength [24–28]. SF,
as a byproduct of the smelting industry with abundant silica,
is an excellent cement-based modified material and has a
broad application prospect in cement concrete [29, 30]. +e
research has already verified that the addition of SF can
significantly improve the strength and F-T resistance of
concrete [31, 32].

Although mature and extensive research has been
conducted on the application of WCR or SF in ordinary
concrete, their application in PC is rarely reported, especially
the modification with two kinds of materials simultaneously.
+e researches on rubberized PC showed that the addition of
WCR significantly decreased the mechanical properties and
abrasion resistance, but it had a crucial positive effect on the
ductility and vibration reduction performance of PC
[33, 34]. In addition, the properties of rubberized PC were
pertinent to the particle size of WCR. +e adverse effect of
fine rubber on mechanical properties was less than that of
coarse rubber. At the same time, the positive influence of fine
rubber on deformability was better than that of coarse
rubber [35, 36]. +erefore, the WCR with relatively small
particles is the preference in modifying pervious concrete,
which is different from ordinary concrete. In terms of SF, it
had been verified that the SF-reinforced PC had great ad-
vantages in mechanical strength and durability, but the
deformability was not improved [37–39]. +e compressive
strength of PC, with 10% SF replacement, had been greatly
improved by more than 80% [38]; this great increase in
compressive strength was worthy of further study to verify.
+e properties of PC modified or reinforced with WCR or

SF, on the whole, need to be studied extensively and in-
depth.

Based on the current research progress, a large number
of studies on WCR or SF single modification concrete have
been conducted by domestic and foreign scholars, and
considerable research findings were achieved. It can be seen
that, due to the high elasticity of WCR, the addition of it can
significantly improve the deformability of concrete under
load, thus improving concrete toughness. At the same time,
the addition of WCR will weaken the bonding between
concrete components, resulting in the reduction of concrete
strength. +e rich silica content of SF leads to a further
chemical reaction between SF and cement hydration
products to produce a stronger gel, which improves the
strength and durability of concrete. PC, as pavement ma-
terial in practical engineering, requires not only sufficient
strength to bear the action of load but also good deform-
ability to bear the action of repeated load. In addition, the
frost resistance of PC is the most important index of du-
rability when it is used in seasonal frozen regions. +erefore,
the development of PC with good deformability, superior
frost resistance, and high strength is an important basis for
the application. Considering the advantages of WCR or SF,
in order to give full play to the characteristics of both
materials, combined with previous research performed by
our group [30, 35], this article conducted the laboratory
investigation on the mechanical property and F-T resistance
of RSFPC. +e research outline is shown in Figure 1.

2. Experimental Materials and Methods

2.1. Raw Materials. +e ordinary Portland cement of 42.5
and SF were used as cementitious materials for RSFPC. +e
coarse aggregate with 4.75–9.5mm andWCR with a particle
size of 40 mesh, obtained from a local factory, were selected
in the article. +e technical properties of all the above
materials can be found in [30, 35]. Besides, a superplasticizer
was applied and its properties are listed in Table 1. +e
experiment water is tap water.

2.2.MixDesign. With equal volume replacement of cement,
the effect of different SF contents on the properties of PC has
been studied by our group [30]. +e research indicated that
12% SF presented better modification effectiveness, so in this
study, the SF incorporation level was selected as 12%. In
addition, the effect of particle size of WCR on the properties
of PC indicated that the fine WCR showed better im-
provement than that of the coarse WCR [35], so the fine
WCR was selected and the incorporation level of WCR for
RSFPC was set as 4%, 6%, and 8% of cementitious material
quality. +e volumetric method was adopted to design
RSFPC in accordance with the Chinese national standard
[40]. +e water-to-binder ratio was 0.3, and the designed
porosity was 15%. +e content of the superplasticizer was
0.8%. +e mix design is shown in Table 2.

2.3. Specimen Preparation and Test Methods. +e prepara-
tion method, the production, and curing condition of
RSFPC specimens have been reported in detail in [21]. +e
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sizes of the specimens are as follows: cube specimen with
100×100 ×100mm for compressive strength and F-T cy-
cles tests; prism specimen with 100×100 × 400mm for
flexural experiments. All experiments were conducted
according to GB/T 50081-2002 and 50082-2009 [41, 42].
+e test method for rapid freeze-thaw was adopted. +e
freezing time was about 2.5 hours and the thawing time was
about 1.5 hours. +e lowest and highest temperatures in the
center of the specimen were −18°C and 5°C, respectively. As
shown in Figure 2, a three-point bending test is adopted for
the flexural experiment. In order to accurately determine
the flexural failure strain and flexural elastic modulus of
RSFPC, the midspan displacement of the three-point
bending specimen under load was recorded by a mi-
crometer gauge placed on the bottom of the specimen. +e
flexural failure strain and flexural elastic modulus can be
calculated by

ε �
6hΔ
L
2 , (1)

E �
L
3

F0.5 − F0( 

4Bh
3 Δ0.5 − Δ0( 

, (2)

where ε is the flexural failure strain; ∆ is the deflection
corresponding to flexural failure load (mm); E is the flexural
elastic modulus (GPa); F0.5 is the load that equals 50%
flexural failure load (kN); F0 is the initial load of the
specimen and its value can be taken as the actual load of the

specimen nearest to 2 kN (kN); and ∆0.5 and ∆0 are the
displacements of the specimen corresponding to F0.5 and F0
(mm).

3. Experiments Results and Analysis

3.1. Experiments Results. All the property indexes of RSFPC
are expressed as the average value of three specimens; the
experiments results are listed in Tables 3–7.

3.2. Properties Analysis of RSFPC. In order to analyze the
compound modification effectiveness of WCR and SF, the
control group (without WCR and SF), WCR group (WCR
modification group), and SF group (SF modification group)
are introduced as comparative groups. +e data of the
control group, WCR group, and SF group are obtained from
the previous research conducted by our team.

3.2.1. Compressive Strength. Figure 3 shows the compressive
strength of RSFPC and comparative groups. It indicates that
the compressive strength of RSFPC decreases with the in-
crease of WCR contents, which means the addition of WCR
has an adverse impact on the compressive strength of PC.
+e result is consistent with that of the WCR single mod-
ification PC reported in [35].+is is because theWCR on the
interfacial transition zone weakens the cementation between
cement and coarse aggregate and thus decreases the bond
force. Compared with WCR groups, due to the

Preparation and
properties determination

of raw materials

a. Cement
b. Waste crumb rubber
c. Silica fume
d. Coarse aggregate
e. Superplasticizer 

Mix design and
production of specimens

a. Rubber and silica fume
 content selection 
b. Mix design method 
c. Mixing of pervious
 concrete and production
 of specimens
d. Curing of specimens

Properties tests of
pervious concrete

a. Compressive strength
b. Flexural strength
c. Flexural failure strain
d. Flexural elastic modulus

e. Freeze-thaw resistance

Results analysis and
discussions

Analysis and discussions of
the effects of waste crumb
rubber and silica fume on
mechanical properties and
freeze-thaw resistance of

pervious concrete

Figure 1: +e research outline of the article.

Table 1: Technical index of superplasticizer.

Uniformity parameters Properties parameters
Morphology Liquid Water-reducing rate (%) 25
pH 7.0–8.0 Air content (%) 1.5
Density (kg/m3) 0.98–1.02 Difference between initial setting times (min) +35
Effective content (%) 20–25 Difference between final setting times (min) +50
Chloride ion content (%) 0.01 7 d compressive strength ratio (%) 163
Alkali content (%) 0.02 28 d compressive strength ratio (%) 159

Table 2: Mix design of RSFPC (in kg/m3).

Mix ID WCR content (%) SF content (%) Coarse aggregate Cement Water PAS 1 WCR SF
WCR4+ SF12 4 12 1503 413.0 140.8 3.75 18.8 56.3
WCR6+ SF12 6 12 1503 413.0 140.8 3.75 28.2 56.3
WCR8+ SF12 8 12 1503 413.0 140.8 3.75 37.5 56.3
1Polycarboxylic acid superplasticizer.
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Figure 2: +ree-point bending test.

Table 3: Compressive strength of RSFPC.

Mix ID
Compressive strength (MPa)

1 2 3 Mean St. dev.
WCR4+ SF12 23.9 22.8 24.4 23.7 0.67
WCR6+ SF12 22.4 22.9 23.7 23.0 0.54
WCR8+ SF12 20.5 20.1 19.1 19.9 0.59

Table 4: Flexural strength of RSFPC.

Mix ID
Flexural strength (MPa)

1 2 3 Mean St. dev.
WCR4+ SF12 4.78 4.59 4.66 4.68 0.08
WCR6+ SF12 4.52 4.61 4.64 4.59 0.05
WCR8+ SF12 4.11 4.05 3.95 4.04 0.07

Table 5: Flexural failure strain of RSFPC.

Mix ID
Flexural failure strain (με)

1 2 3 Mean St. dev.
WCR4+ SF12 1546 1482 1511 1513 26
WCR6+ SF12 2194 2098 2174 2155 41
WCR8+ SF12 2401 2381 2375 2386 11

Table 6: Flexural failure strain of RSFPC.

Mix ID
Flexural elastic modulus (GPa)

Number F0.5 F0 ∆0.5 ∆0 E Mean St. dev.

WCR4+ SF12
1 5.311 1.992 0.152 0.143 24.9

24.0 0.682 5.102 2.002 0.148 0.139 23.3
3 5.179 1.997 0.152 0.143 23.9

WCR6+ SF12
1 5.021 1.995 0.152 0.142 20.4

20.9 0.362 5.119 1.999 0.151 0.141 21.1
3 5.156 2.003 0.154 0.144 21.3

WCR8+ SF12
1 4.566 1.989 0.159 0.147 14.5

14.4 0.262 4.502 2.001 0.163 0.151 14.1
3 4.389 1.997 0.159 0.148 14.7
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reinforcement of SF, RSFPC has higher compressive
strength under the same WCR content. +e addition of SF
improves the strength of the cementitiousmaterial of the PC,
thus making up for the adverse effect of WCR on the
strength of the cementitious material. Although the com-
pressive strengths of all groups are lower than that of the SF
group, the compressive strengths of WCR4+ SF12 and
WCR6+ SF12 groups are more than 23MPa, even higher
than the control group. It indicates that the compound
modification of WCR and SF for PC can meet certain
compressive strength requirements. For unloaded and light
pavement, such compressive strength is up to standard.

3.2.2. Flexural Strength. Figure 4 summarizes the flexural
strength of RSFPC. It can be found that the flexural strengths
of all RSFPC groups are higher than 4MPa and fully meet
the standard requirement of 3.0MPa in CJJ/T135-2009. +e
WCR4+ SF12 and WCR6+ SF12 have similar flexural
strength compared with the control group. Like compressive
strength, the flexural strengths of all RSFPC groups are
greater than those of the WCR groups under the same WCR
contents. Compared with the SF group, with the variation of
WCR content from 4% to 8%, the RSFPC’s flexural strength
decreases 10%, 11%, and 22%, respectively. +e influence
mechanism of WCR and SF on the flexural strength of PC is
the same as that of compressive strength. Although WCR is
unfavorable to the flexural strength, this adverse effect can be
reduced by the incorporation of SF, and the flexural strength
of RSFPC can reach the expected level.

3.2.3. Flexural Failure Strain. WCR is a kind of elastic
material; the purpose of using WCR modification is to
improve the deformability of PC. Figure 5 describes the
flexural failure strain of RSFPC. It is obvious that the flexural

failure strains of the WCR group and RSFPC are signifi-
cantly higher than those of the control group and SF group.
Due to the high elasticity, the addition of rubber makes the
deformation of the PC better under the action of vehicle
load, reducing the rigidity and improving the toughness of
the PC. With the same amount of WCR, the flexural failure
strain of the WCR group and RSFPC group are basically the
same, which indicates that the WCR is the fundamental
factor that creates the improvement of the flexural failure
strain. Compared with the control group, the flexural failure
strain of RSFPC is enhanced by 12%, 59%, and 76%, re-
spectively. It means that the deformability of PC has been
greatly improved, and when used as the road surface or base,
PC has better fatigue properties under repeated loads.

3.2.4. Flexural Elastic Modulus. Figure 6 shows the flexural
elastic modulus of RSFPC. +e flexural elastic modulus of
RSFPC decreases with the increasing WCR contents and it
reveals that the addition of WCR makes the flexural elastic
modulus aggravated. Based on the effects of WCR on the
flexural strength and flexural failure strain above, on the one
hand, the WCR reduces the flexural strength of PC and
improves its flexural failure strain, on the other hand, thus
reducing its flexural elastic modulus. RSFPC has higher
flexural elastic modulus than that of the WCR group at the
same WCR content because the flexural failure strain of the
WCR group and RSFPC is basically the same at the same
level of WCR content. However, due to the incorporation of
SF, the flexural strength of RSFPC increases, resulting in a
higher flexural elastic modulus. Compared with the control
group, the WCR4+ SF12 group has a flexural elastic mod-
ulus of 24GPa with a 5.3% increase, although there is a 15%
decrease compared with the SF group. +e flexural elastic
modulus is closely related to the flexural strength and
flexural failure strain, so the modification materials and its
contents of RSFPC should be considered comprehensively
based on its property indexes in practical application.

3.2.5. F-T Resistance. +e F-T resistance is another vital
index for RSFPC in seasonal frozen regions. +e com-
pressive strength loss rates of the control group,WCR group,
RSFPC group, and SF group after different F-T cycles are
presented in Figure 7. It is obvious that compared with the
control group, the compressive strength loss rates of the
WCR group, RSFPC group, and SF group under different
F-T cycles are lower, which indicates that WCR modifica-
tion, SF modification, and WCR and SF compound modi-
fication are all beneficial to F-T resistance of PC. +e
improvement of F-T resistance of PC by WCR is mainly
attributed to the increase of PC deformation during the frost

Table 7: Compressive strength loss rate after F-T cycles of RSFPC.

Mix ID
Compressive strength loss rate (%)

25 F-T cycles 50 F-T cycles 75 F-T cycles 100 F-T cycles
WCR4+ SF12 2.1 5.1 12.7 19.4
WCR6+ SF12 1.3 5.2 10.9 18.3
WCR8+ SF12 1.0 5.0 10.1 15.6
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Figure 3: +e compressive strength of RSFPC.
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heaven. Moreover, the improvement of F-T resistance of PC
by SF is because SF improves the strength of cementitious
material and reduces the effectiveness of F-Tdamage. RSFPC
group has lower compressive strength loss rates than that of
WCR group with the same WCR content, which indicates
that WCR and SF compound modification is better than the
WCR single modification. However, compared with SF
single modification, the compressive strength loss rate of
WCR and SF composite modification is higher, indicating
that the WCR and SF composite modification had poor F-T
resistance. Although both SF andWCR can improve the F-T

performance of PC, the WCR and SF composite modifi-
cation is not the superposition of their single modification
effect.

4. Discussion

For the road material, mechanical properties and durability
are extremely important. It should not only have enough
strength to bear the vehicle load but also have large
deformability to resist the action of repeated load. For road
materials in seasonal frozen regions, it should also have
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certain F-T durability; it requires that the material has
comprehensive properties rather than being superior in one
area and inferior in others. Due to the requirement of
permeability, the porosity of PC is usually large. However,
high porosity will cause a reduction in mechanical prop-
erties, such as compressive strength, flexural strength, and
elastic modulus. In addition, too large porosity is very
unfavorable to F-T resistance, which will accelerate the
damage of PC.Meanwhile, under the action of repeated load,
PC is prone to fatigue damage and failure, and its
deformability is an important index that affects its service
life. +erefore, PC applied in practical engineering must
have a certain strength, deformability, and F-T resistance.

In Section 3, the mechanical properties and F-T re-
sistance are discussed in detail; all kinds of property

indexes for RSFPC and other PC are presented in Figure 8
with a radar map. It can comprehensively compare the
differences between various property indexes of different
types of PC and select PC with superior comprehensive
performance. Except for the compressive strength loss rate
under F-T cycles, “the larger, the better” is another
property index for PC. Figure 8 shows that RSFPC with 6%
WCR content has the best comprehensive performance,
followed by RSFPC with 4% WCR content. +ese two
groups have better strength, greater deformability, and
higher F-T resistance. +e strength and F-T resistance of
SF group are better, but the deformability is poor. +e
control group has poor F-T resistance and deformability,
while WCR groups express lower strength and elastic
modulus. +erefore, it is necessary to select the
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Figure 7:+e compressive strength loss rate of RSFPC after different F-Tcycles. (a) 25 F-Tcycles; (b) 50 F-Tcycles; (c) 75 F-Tcycles; (d) 100
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modification type of PC reasonably according to the
characteristics of practical projects and the requirements
of material properties. RSFPC is recommended for the
light load road in seasonal frozen regions.

5. Conclusions

In this article, the compressive strength, flexural strength,
flexural failure strain, flexural elastic modulus, and F-T
resistance of RSFPC were investigated. +e composite
modification effects of WCR and SF were analyzed.

(1) +e flexural failure strain of PC indicates that WCR
is the determining factor in improving the flexural
deformability of PC.

(2) WCR has adverse effects on the strength and elastic
modulus of PC, but these adverse effects can be
improved by the addition of SF. Compared with the
control group, the WCR and SF composite modi-
fication can not only guarantee the strength char-
acteristics of PC but also enhance the F-T resistance
to some extent and, at the same time, significantly
improve deformability of PC.

(3) Although both SF and WCR are advantageous to the
F-Tresistance of PC, the improvement effect ofWCR
and SF composite modification is not the superpo-
sition of both, which is mainly because of their
different effects on the mechanical properties of PC.

(4) Considering the mechanical properties, deform-
ability, and F-T resistance of PC, the systematic
comparison of different modification PC shows that
RSFPC has a more balanced and comprehensive
performance and is suggested to be the first choice in
engineering application.
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In the context of climate warming and the frequent wind-sand hazards in the Qinghai-Tibet Engineering Corridor (QTEC), the
construction of the embankment will affect the thermal regime of permafrost underground. 'e influence of embankment
construction on the variation of the permafrost table beneath it is different, especially for the regime with different mean annual
ground temperatures (MAGTs). In this study, the effects of the unilateral sand particles deposition on the spatial distribution and
temporal evolution pattern of temperature beneath the embankment are investigated through the numerical simulations, in which
the heat transfer is considered.'emodel is validated by the field observed data of soil temperatures around an experimental zone
built at the sand hazard area in Honglianghe, the interior of Qinghai-Tibet Plateau (QTP). 'e simulated results indicate that the
temperature field beneath the embankment is asymmetrically distributed under the condition of unilateral sand particles de-
position. 'is asymmetry gradually weakened with the increase of operation time and the gradual adjustment of the permafrost
temperature field. By comparing the permafrost table beneath the natural surface, the sand deposition center, and the middle of
the embankment center, it could be found that the unilateral sand particles deposition has less effect on the degradation of the
permafrost table in the center of the embankment. However, for the center of the sand deposition, the change of the permafrost
table is larger with the increase of time and the corresponding rate of permafrost table degradation is higher than that without sand
particles deposition, especially for the high-temperature permafrost. In addition, with different sand thickness and width
conditions, the effect of “narrow-thick” form sand particles deposition on the temperature field beneath embankment is greater
than that of “wide-thin” form sand deposition. Hence, in order to reduce its impact on the long-term thermal condition beneath
the embankment, it is necessary to clean the thicker deposition sand particles at the toe of the embankment.

1. Introduction

'e Qinghai-Tibet Engineering Corridor (QTEC) is the most
important link between the Tibet Autonomous Region and
inner China, the width of which is several kilometers at wider
sections but only hundreds of meters at narrow section [1].
Within the corridor, there are several major linear infra-
structures including the Qinghai-Tibet Highway, Qinghai-
Tibet Railway, Qinghai-Tibet Power Transmission Line, and

Golmud to Lhasa Oil Pipeline and some optical communi-
cation cables. In recent years, human activities and increasing
air temperature have caused significant grassland degradation
and desertification in the QTEC [2–5]. Following the impacts,
particularly the construction of the highway and the railway
embankments, the energy of near-surface wind flow within
the corridor has been disturbed, as well as the original rel-
atively stable sand movement [6]. Hence, the wind-sand
hazards were very serious around the highway and railway
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embankments, particularly in some river valleys and basins
that the highway and railway traverse (Figure 1).

In the permafrost, the construction of the embankment
will disturb the heat balance of the original surface.'e strong
heat absorption of asphalt pavement will lead to more rapid
permafrost degradation beneath the highway [7–9]. In ad-
dition, the change of the thermal-mechanical properties of
permafrost will cause embankment and pavement damage,
including longitudinal cracks and uneven settlement [10–12].
Hence, in order to reduce the impact of the human activities, a
lot of effective engineering structural measures have been
considered and used in the construction of highway and
railway embankment including the crushed-rock and duct-
ventilated embankments. Due to the excellence of the
crushed-rock and duct-ventilated embankments, they have
been widely used to ensure the thermal stability of highways
and railways in permafrost regions of the QTEC [13–19].
However, in the context of climate warming and the
expanding scope of human activities, the wind-sand hazards
around the embankment in the QTEC have becomemore and
more serious in the last few years [20–23]. 'e sand particles
deposition around the embankment will not only change the
surface boundary but also affect the cooling effect of the
construction of crushed-rock or duct-ventilated embank-
ments [24–26]. Research studies have shown that with the
increasing thickness of sand in the rock layer, the critical
temperature difference between the sand-free layer increases,
and the Ra number decreases, and the natural convection
intensity weakens gradually [27–30]. However, in these re-
search studies, several assumptions about the sand deposition
around the embankment are proposed. 'e distribution of
sand particles deposition is generally assumed to be the same
at the two slopes of the embankment. 'e prevailing wind
direction within the corridor is west and northwest, and the
corridor is from northeast to southwest [1]. 'en, the two
slopes of embankments of both the railway and highway are
generally windward and leeward slopes, respectively. 'us,
there should be a considerable difference in the sand depo-
sition on the two slopes. However, the difference was not

considered within these previous research studies, which will
undermine the accuracy of evaluation on thermal impacts of
sand particles deposition on the embankments installed with
air-cooled structures.

In this study, a two-dimensional numerical model of
the heat transfer for highway embankment is established.
In the numerical model, three different mean annual
ground temperatures (MAGTs) of the permafrost, in
which the embankment is located, are considered, as well
as the unilateral sand particles deposition at the toe of the
embankment. Field observed data of soil temperatures
around an experimental zone are used to validate the
numerical model. 'rough numerical simulations, the
effects of unilateral sand deposition on the spatial dis-
tribution and temporal evolution pattern of temperature
beneath the embankment are investigated. 'e results of
this study could provide informative references for
highways constructed in permafrost zones, in which the
wind-sand hazards frequently occur around the
embankment.

2. Methods

2.1. Governing Equations. According to the experiment, in
freeze-thaw soil layers, the ratio of heat conduction is far
larger than that of the heat convention [31]. In this article, by
ignoring the heat convection, the heat transfer progress
considering the heat conduction and phase change in freeze-
thaw soil layers can be described as follows [32–34]:
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where C∗e is the equivalent volume heat capacity and λ∗e is the
equivalent thermal conductivity. According to themethod of
sensible heat capacity, the equivalent volume heat capacity
C∗e and the equivalent thermal conductivity λ∗e in freeze-
thaw soils can be written as follows [32–34]:
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where Tm ± T is the temperature range of phase change; Cu

and λu are the volume heat capacity and thermal conduc-
tivity of unfrozen soil; Cf and λf are the volume heat ca-
pacity and thermal conductivity of frozen soil; L is the latent
heat of phase change per unit volume.

2.2. Physical Model. A physical model of a highway without
sand particles deposition near the toe of the embankment
(NSE) is shown in Figure 2(a), and a highway with sand
particles deposition near the toe of the embankment (SE) in
Figure 2(b). In the model, part I is embankment fill, part II

Roadway
Wind direction

Sand deposition before windward slope
 Sand deposition at the foot of slope

 Sand deposition on the windword slope
Sand-block fences

(a)

 Sand deposition on shoulder

 Sand deposition on slope

Sand deposition at the foot of slope

Crushed rock embankment

(b)

Figure 1: Wind-blown sand deposition around the embankments of the Qinghai-Tibet Roadway (a) and Qinghai-Tibet Railway (b).
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(0∼3m) is gravel and clayey layer, part III (3∼8m) is silty
clay, and part IV(8∼30m) is weathered mudstone. 'e
height of the embankment is 4m and the width of its paving
is 10m. 'e gradient of the slope is 1 :1.5. 'e widths of the
sand deposition are determined as 7.1, 10, and 16.7m. 'e
thicknesses of sand particles deposition are determined as
0.3, 0.5, and 0.7m. 'e computational domain is extended
by 30m wide from the outside slop toe of the embankment
in the horizontal direction and 30m height beneath the
natural surface in the vertical direction. 'e thermal pa-
rameters of soil layers are given in Table 1 [33].

2.3. Boundary. According to the IPCC report, the air
temperature in Qinghai-Tibetan Plateau (QTP) will be
warmed up by 2.6°C in the future 50 years because of climate
change [35]. Based on the adhered layer theory [12, 36], the
thermal boundary conditions of the computational domain
are expressed as follows:

'e temperature at natural surfaces of the NSE model
(AB and EF) and the SE model (AM and EF) is as follows:

Tn � Ta + 2.5 + 12.5sin
2π
8760

th +
π
2

  +
2.6

8760 × 50
th. (3)

'e temperature at the side slopes of the NSE model (BC
and DE) and the SE model (OC and DE) is as follows:

Ts � Ta + 4.5 + 13.5sin
2π
8760

th +
π
2

  +
2.6

8760 × 50
th. (4)

'e temperature at the asphalt pavement surface of the
NSE model and SE model (CD) is as follows:

Tp � Ta + 6.5 + 13.9sin
2π
8760

th +
π
2

  +
2.6

8760 × 50
th. (5)

'e temperature at the sand particles deposition surface
of the SE model (NO and NM) is as follows:

Tsp � Ta + 4.3 + 14.0sin
2π
8760

th +
π
2

  +
2.6

8760 × 50
th, (6)

where th is the time; Ta is the mean annual air temperature at
which the embankment is located, being determined as −3.0,
−3.5, and −4.0°C, respectively. 'e geothermal heat flux of
0.03W/m2 is applied to the bottom boundary (IJ) in both
models. 'e lateral boundaries (ALKI and FGHI) are as-
sumed to be adiabatic. With the governing equations and
boundary conditions above, the problem is solved numer-
ically using the commercial software of Fluent 14.0.

'e temperature boundary of the natural ground surface
without consideration of climate warming is used to cal-
culate the initial temperature fields beneath the embankment
(parts II, III, and IV). 'e obtained stable temperature fields
on July 15 are taken as the initial temperature condition of
these parts, as shown in Figure 3.

2.4. Model Validation. To validate the reliability of the
computational model and parameters, numerically simu-
lated results of soil temperature beneath the sand particles
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Figure 2: Schematic diagrams of expressway embankment: (a) no sand embankment; (b) unilateral sand embankment.
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deposition surface are compared with the field measured
data on April 15 and July 15 [37], as shown in Figure 4. It
could be seen that the agreement between field measured
data and numerically simulated results is good. However,
there are some slight discrepancies between the simulated
results and field measured data, especially on July 15. 'e
simulated results of soil temperature are lower than those of

the measured data within the active layer. 'e discrepancies
may be attributed to the simplifications of boundary and soil
strata in the computational model. Overall, the comparison
shows that the computational model and the parameters can
be used for simulating the spatial distribution and temporal
evolution pattern of temperature beneath the embankment
in permafrost zones.

Table 1: 'ermal parameters of soil layers.

Physical variable ρs (kg·m−3) λf W/(m·°C) Cf J/(m3·°C) λu W/(m·°C) Cu J/(m3·°C) L J/m3

Embankment fill 2060 1.98 1.913×106 1.92 2.22×106 2.04×107

Gravel and clayey 1800 1.82 9.06×105 1.60 1.17×106 7.73×107

Weathered mudstone 1800 1.82 1.846×106 1.47 2.09×106 3.77×107

Silty clay 1600 1.35 1.879×106 1.13 2.35×106 6.03×107

Sand 2650 0.258 1.610×106 0.258 1.61× 106 0
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Figure 3: Initial temperature condition of parts II, III, and IV (unit: °C).
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Figure 4: Field measured and numerically simulated ground temperatures vs. depth at 40 cm sandy surface on (a) April 15 and (b) July 15.
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3. Results and Analysis

3.1. Variation of Temperature beneath the Embankment
without Sand Deposition. For the NSE, without consider-
ation of the sunny-shady slope effect, Figure 5 shows soil
temperature distribution beneath the NSE, in which the
embankment is located with different MAGTs, in October 15
in the 5th, 20th, and 50th year after the embankment
construction.'e soil temperature distribution is given from
the centerline of the embankment to 20m away from the
slop toe (Parts 1–3 in Figure 2(a)).

In the 5th year after the embankment construction
(Figure 5(a)), the distribution pattern of the ground tem-
perature field under the NSE in different MAGTpermafrost
zones is basically the same. 'e permafrost table beneath the
centerline of the embankment (CE) is higher than that
beneath the natural surface (NS). As for the permafrost zone
with different MAGTs of −0.5, −1.0, and −1.5°C, the increase
of the permafrost table is 0.3, 1.6, and 2.0m, respectively. In
addition, due to the increase in the thermal area of the
asphalt pavement of the embankment and the structure, the
internal heat absorption of the embankment will increase
sharply.'e trend of the geothermal line changes in different
permafrost zones. In the permafrost zone with the MAGTof
−0.5°C, it can be seen that the depth of the geothermal line of
−0.4°C beneath the NS is the same as that beneath the CE. In
contrast, in the permafrost zone with two MAGTs of −1.0
and −1.5°C, the depth of the geothermal line of −0.4°C
beneath the NS is lower than that beneath CE (Figure 5(a)).
It reveals that the thermal disturbance to different MAGT
permafrost zones is different in the early stage of em-
bankment construction.

With the operational time increasing, the permafrost
table and the permafrost warming beneath the NS and the
embankment decline, especially for the CE.'e internal heat
absorption of the embankment will lead to a significant
downward trend of the geothermal line beneath the CE. In
the 20th year after construction of the embankment, the
permafrost table beneath the NS in the permafrost zone with
the MAGT of −0.5, −1.0, and −1.5°C is 2.7, 2.2, and 2.0m,
respectively. Meanwhile, the permafrost table beneath the
CE in the permafrost zone with the MAGTof −0.5, −1.0, and
−1.5°C is 3.8, 2.6, and 1.2m, respectively (Figure 2(b)). In the
50th year after the construction of the embankment, due to
the “heat gathering” effect of the asphalt pavement and the
structure of the embankment, the permafrost table beneath
the CE in permafrost zones with three different MAGTs is
lower than that beneath the NS. 'e difference in the
permafrost table is 5.5, 2.1, and 1.7m, respectively
(Figure 5(c)).

Hence, considering the warming of the permafrost
beneath NS and the CE in the context of climate warming
and human engineering activities, the change rate of the
permafrost can be used to evaluate the degradation of the
permafrost. 'e variation of the permafrost table beneath
the CE and the NS is listed in Table 2. As for the three
different MAGT permafrost zones, it can be seen that the
higher the MAGT is, the greater the rate of degradation of
the permafrost beneath the CE and NS will be. In addition,

with the operation of the embankment, the degradation of
permafrost beneath the CE is higher than that of beneath
the NS, which shows the thermal influence of the
embankment.

3.2. Variation of Temperature beneath the Embankment with
Unilateral Sand Deposition. As an obstacle structure, the
construction of the embankment will change the progress of
the initial flow field, including the wind flow and wind-sand
flow. 'e redistribution of the wind-sand flow around the
embankment will influence the capacity of the flow field,
resulting in the sand particles deposition around the em-
bankment. In this part, considering the influence of the
ambient wind speeds, the difference of sand particles de-
position around the embankment is significant, which may
affect the temperature beneath the embankment. Hence, the
influence of the unilateral sand particles deposition (USPD)
at the toe of the embankment with the height of 4m is
investigated in this part. 'e width and thickness of the sand
layer are 10m and 0.5m, respectively. 'e variations of the
temperature beneath the embankment over the simulation
period of 50 years for three initial MAGTs of −0.5, −1.0, and
−1.5°C are shown in Figures 6–8.

In the 5th year after the sand particles deposition at the
toe of the embankment, the USPD will induce the asym-
metrical distribution of the temperature beneath the em-
bankment. As for three different MAGTs, the lower the
MAGT of the permafrost zone is, the more significant the
asymmetry along the depth direction will be. From Figure 6,
it can be seen that due to the USPD at the toe of the em-
bankment, the maximum depth of zero annual amplitude of
ground temperature is offset from the CE. 'e offsets are 5,
7.5, and 13.0m for three different MAGTs, respectively
(Figure 6). Otherwise, the permafrost table beneath the
centerline of the sand particles deposition (CSD) has moved
1.0, 1.3, and 1.4m above the NS for three different MAGTs,
respectively. It reveals that the sand particles deposition can
delay the degradation of the permafrost in the early stage of
the sand particles deposition.

With sand particles deposition time increasing at the toe
of the embankment, the influence of the USPD for the
temperature beneath the embankment is different in the
three different MAGT permafrost zones. In the 20th year
after the sand particles deposition at the toe of the em-
bankment, in the permafrost zone with the MAGTs of
−0.5°C, the temperature field beneath the embankment is
symmetrically distributed with the maximum depth of zero
annual amplitude of ground temperature locating at the CE.
'e influence of the USPD on the temperature beneath the
embankment gradually weakens. In contrast, for the per-
mafrost zones of the MAGT of −1.0 and −1.5°C, the
asymmetrical distribution of the temperature beneath the
embankment is still significant. 'e offsets of the centerline
are 3.0 and 5.0m for two different MAGTs, respectively
(Figure 7). With the sand particles deposition for 20 years,
the permafrost table beneath the CSD has moved 0.4, 1.1,
and 1.3m upward above the NS for three differentMAGTs of
−0.5, −1.0, and −1.5°C, respectively. It reveals that with the
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Figure 5: Distribution of the temperature field beneath the NSE under the annual ground temperature of −0.5°C, −1.0°C, and 1.5°C in
October of the 5th, 20th, and 50th years (unit: °C).

Table 2: 'e change rate of the permafrost table beneath the NS and CE under different mean annual ground temperatures (unit: m/a).

Time
Temperature

−0.5°C −1.0°C −1.5°C
NS EC NS EC NS EC

5 a∼20 a 0.04 0.20 0.03 0.16 0.02 0.01
20 a∼50 a 0.11 0.23 0.07 0.13 0.05 0.13
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time of USPD increasing, the sensitivity of the permafrost to
sand particles deposition gradually weakens and the pro-
tective effect of sand particles deposition on permafrost
gradually disappears (Figure 8). In addition, in the 50th year
after the sand particles deposition at the toe of the em-
bankment, the influence of the USPD at the toe of the
embankment could be ignored for three different MAGT
permafrost zones. 'e distribution of the temperature be-
neath the embankment is symmetrical. However, with the
sand particles deposition lasting for 50 years, the permafrost
table beneath the CSD is lower than that beneath the NS in
the permafrost zone with MAGT of −0.5°C. Meanwhile, the

permafrost table beneath the centerline of the sand particles
deposition is basically the same as the NS for the twoMAGTs
of −1.0 and −1.5°C, respectively (Figure 9). 'us, by com-
paring the variation of the permafrost beneath the sand
particles deposition and the NS in three different MAGTs, it
could be found that with the time of sand particles at the toe
of the embankment increasing, the asymmetrical distribu-
tion of the temperature beneath the embankment is grad-
ually weakening. What is more, the influence of the sand
particles deposition can mitigate the degradation of the
permafrost beneath it, especially for the permafrost zone
with the MAGRs of −1.0 and −1.5°C. Within 50 years of the
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Figure 6: Distribution of the temperature field beneath the SE in October of the 5th year under the different mean annual ground
temperatures: (a) −0.5°C, (b) −1.0°C, and (c) −1.5°C (unit: °C).
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Figure 7: Distribution of the temperature field beneath the SE in October of the 20th year under the different mean annual ground
temperatures: (a) −0.5°C, (b) −1.0°C, and (c) −1.5°C (unit: °C).
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sand particles deposition, the permafrost table beneath the
CSD is higher than that beneath the NS (Table 3).

3.3. Effect of Unilateral Sand Particles Deposition on Tem-
perature at Different Locations around the Embankment.
'e variations of the temperature beneath the CE and the toe
of the embankment (TES), at which the sand particles are
deposited, are shown in Figures 9 and 10. It could be seen
that with the increase of time, the variations of the tem-
perature beneath different surface boundaries in three dif-
ferent MAGT permafrost zones vary significantly. In

Figures 9 and 10, it can be seen that 50 years after the sand
particles deposition at the toe of the embankment, the
maximum depth of zero annual amplitude of ground
temperature beneath the CE and TES is about 16 and 14m,
respectively. Compared with the embankment without sand
particles deposition at the toe, the sand particles deposition
has little influence on the value of the maximum depth of
zero annual amplitude of ground temperature.

Additionally, Tables 4 and 5 show the variation of the
permafrost table beneath the CE and CES (the center of the
embankment without sand particles deposition), TES and
the toe without sand particles deposition (TE) in October of
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Figure 8: Distribution of the temperature field beneath the SE in October of the 50th year under the different mean annual ground
temperatures: (a) −0.5°C, (b) −1.0°C, and (c) −1.5°C (unit: °C).
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Figure 9: Variation in soil temperature beneath the CE in October of the 5th, 20th, and 50th years under different mean annual ground
temperatures: (a) −0.5°C, (b) −1.0°C, and (c) −1.5°C.
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the 5th, 20th, and 50th years with three different MAGTs.
Comparing the permafrost table beneath the CE and CES
with different MAGTs and times, it can be found that the
USPD at the toe of the embankment has little influence on
the variation of the permafrost table beneath the CE

(Table 4). However, as for the toe of the embankment
(Table 5), 5 years after the sand particles deposition, the
permafrost table beneath the toe of TES in three different
MAGTs is 1.52, 1.04, and 0.64m, the value of which is 0.67,
0.80, and 0.91m higher than that beneath the TE, respec-
tively. With the sand particles deposition increasing to 20
years, the permafrost table beneath the TES is 0.29, 0.68, and
0.81m higher than that beneath the TE, respectively.
Moreover, after 50 years of the sand particles deposition, the
value of the increase is −0.21, 0.00, and −0.15m, respectively.
Hence, from the result of the comparison between the
permafrost table beneath the TES and TE, it could be found
that as for the three different MAGTs permafrost zones, the
USPD at the toe of the embankment has a significant in-
fluence on the permafrost table beneath the toe of em-
bankment. From the 5th year of sand particles deposition to
20th year, the sand particles deposition could improve the
permafrost table beneath the toe of the embankment, es-
pecially for the permafrost zone with the MAGT of −1.5°C.
However, with the time of sand particles deposition in-
creasing, the influence of the sand particles deposition may
induce the temperature of permafrost to increase and ac-
celerate the degradation of the permafrost. Hence, as for the
permafrost zone with differentMAGTs, the adoption of sand

Table 3: Variation of the permafrost table under different boundaries (unit: m).

Temperature
NS CSD

5 a 20 a 50 a 5 a 20 a 50 a
−1.0°C 2.0 2.2 4.4 1.0 1.6 4.5
−1.5°C 1.6 2.0 3.2 0.6 1.0 3.4
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Figure 10: Variation in soil temperature beneath the TE in October of the 5th, 20th, and 50th years under different mean annual ground
temperatures: (a) −0.5°C, (b) −1.0°C, and (c) −1.5°C.

Table 4: Variation of the table permafrost beneath the CE and CES
under different mean annual ground temperatures (unit: m).

Temperature
CE CES

5 a 20 a 50 a 5 a 20 a 50 a
−0.5°C −0.88 −3.98 −11.18 −0.79 −4.15 −11.25
−1.0°C −0.10 −2.60 −6.52 −0.11 −2.73 −6.60
−1.5°C +0.45 −1.27 −4.99 +0.41 −1.27 −4.95

Table 5: Variation of the table permafrost beneath the TE and TES
under different mean annual ground temperatures (unit: m).

Temperature
TE TES

5 a 20 a 50 a 5 a 20 a 50 a
−0.5°C −2.19 −3.28 −8.32 −1.52 −2.99 −8.53
−1.0°C −1.84 −2.40 −5.57 −1.04 −1.72 −5.50
−1.5°C −1.55 −2.01 −3.84 −0.64 −1.20 −3.99
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control measures is beneficial to protect the permafrost by
considering the time of sand particles deposition around the
embankment.

3.4. Effect of Different Forms of Sand Particles Deposition on
the Temperature of Permafrost. Based on the study in the
previous section, it can be concluded that within 20 years of
the sand particles deposition, the sand particles deposition
has a significant protective effect on the permafrost beneath
it. Hence, in order to study the thermal effects of different
forms of sand particles deposition (thick and thin of the
sand layer) on the permafrost, under the condition of the
MAGT −1.0°C, the thermal effects of sand particles de-
position on the permafrost ground temperature with dif-
ferent thin and thick of the sand layer are given in
Figures 11 and 12.

In Figure 11, with the thickness of the sand layer being
0.3m, the isotherms beneath the toe of the embankment
with sand particles deposition vary significantly, inducing
the asymmetrical distribution of the geothermal field be-
neath the embankment. 'e depths of −1.0°C isotherm
beneath the NS are compared, which are 5m away from the
two toes of the embankment. 'e depth of the −1.0°C
isotherm beneath the toe without sand particles deposition
has moved 6.5, 4.0, 3.3, and 1.7m upward compared with
the toe with 0.3m thick sand layer after the sand particles
deposition of 5, 10, 15, and 20 years, respectively. In ad-
dition, in Figure 12, with the thickness of sand layer being
0.7m, it can be found that the distribution of the ground
temperature field is basically the same as that of the 0.3m
condition. As for the −1.0°C isotherm, the depth of it
beneath the toe without sand particles deposition has
moved 4.8, 2.8, 1.4, and 1.3m upward compared with the
toe with 0.7m thick sand layer after the sand particles

deposition of 5, 10, 15, and 20 years, respectively. 'is
means that with the time of the sand particles deposition
increasing, the “wide and thin” type of sand particles de-
position has a greater influence on the depth of the lower
ground temperature field than that of the “narrow and
thick” type of sand particles deposition.

To investigate permafrost warming beneath different
thin and thick sand layers in the context of climate
warming, the variations of the permafrost table beneath the
CE, TE, TES, and CSD are shown in Tables 6 and 7 within
20 years of the sand particles deposition. It could be found
that the two different sand particles deposition forms have
less effect on the variation of permafrost table beneath CE
and TE. However, there is a significant effect on the per-
mafrost table beneath the CSD and TES. In Table 6, with the
thickness of the sand layer being 0.3m, the degradation rate
of the permafrost beneath the CSD, TES, and TE is 0.03,
0.05, and 0.04m·a−1, respectively. Additionally, in Table 7,
with the thickness of the sand layer being 0.7m, the
degradation rate of the permafrost beneath the CSD, TES,
and TE is 0.03, 0.04, and 0.04m·a−1, respectively. 'is
means that, within 20 years of sand particles deposition, no
matter which form of the sand layer is, the deposition of the
sand particles could weaken the degradation rate of the
permafrost. However, as for the TES, the more the
thickness of the sand layer, the smaller the degradation rate
of permafrost.

As for the embankment in the permafrost zone, the main
disease is thaw collapse, which is closely related to the
variation of the permafrost table. After 5 years of the two
forms of sand particles deposition (“wide and thin” and
“narrow and thick”), the difference of the permafrost table,
the location of which is beneath the two toes of the em-
bankment, between the two toes of the embankment is 0.49
and 0.88m, respectively (Tables 6 and 7). However, the
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Figure 11: Distribution of the temperature field beneath the SE with the sand deposition thickness of 0.3m in cold season of 5 a, 10 a, 15 a,
and 20 a (unit: °C).
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degradation rate of the permafrost table with the sand layer
thickness of 0.3m is greater than that with the sand layer
thickness of 0.7m. With the sand particles deposition time
increasing and the context of the climate warming, the
difference of permafrost table between two toes of the
embankment will induce uneven settlement significantly,
especially for the embankment with the “narrow and thick”
sand particles deposition at the toe of the embankment.
Hence, in order to reduce its impact on the long-term
thermal condition beneath the embankment, it was neces-
sary to clean the thicker deposition sand particles at the toe
of the embankment.

4. Conclusion

In permafrost areas, the engineering activities will have a
considerable influence on the project and the underlying
permafrost. As an engineering structure, the constructions
of the road project will produce certain disturbance to the
original relatively stable wind-sand flow along the route,
leading to the redistribution of the flow field around the
embankment and the emergence of sand particles deposi-
tion. 'e deposition and coverage of sand particles around
the embankment can change the thermal conditions of the
permafrost embankment. In this article, a mathematical
model of heat transfer for freeze-thaw soil is constructed to
investigate the long-term thermal effects of sand particles
deposition at the toe of the embankment in the permafrost
with different MAGTs. Based on the above numerical an-
alyses and comparisons, the following conclusions can be
drawn:

(1) 'e thermal disturbance of the construction of the
embankment in the permafrost zone with different
MAGTs varies significantly. With time increasing,
the degradation rate of the permafrost largely differs
in different parts around the embankment. After 50
years of the construction of the embankment, the
permafrost table beneath the CE in the permafrost
zones with three different MAGTs is 11.5, 6.5, and
5.0m. In contrast, the value of which beneath the NS
is 6.0, 6.5, and 5.0m. 'erefore, the construction of
the highway embankment will increase the heat
absorption within the embankment and accelerates
permafrost degradation.
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Figure 12: Distribution of the temperature field beneath the SE with the sand deposition thickness of 0.7m in cold season of 5 a, 10 a, 15 a,
and 20 a (unit: °C).

Table 6: Variation of the permafrost table beneath the SE with the
sand thickness of 0.3m in October 15th of 5th, 10th, 15th, and 20th
years (unit: m).

Temperature CE TE TES CSD
5 a −0.23 −1.89 −1.40 −1.08
10 a −1.05 −1.99 −1.53 −1.27
15 a −2.00 −2.13 −1.93 −1.46
20 a −2.69 −2.45 −2.23 −1.55

Table 7: Variation of the permafrost table beneath the SE with the
sand thickness of 0.7m in October 15th of 5th, 10th, 15th, and 20th
years (unit: m).

Temperature CE TE TES CSD
5 a −0.19 −1.88 −1.00 −0.31
10 a −0.88 −2.01 −1.12 −0.46
15 a −1.83 −2.16 −1.29 −0.61
20 a −2.61 −2.48 −1.64 −0.78
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(2) 'e influence of the USPD will induce the distri-
bution of the temperature beneath the embankment
asymmetry significantly, especially for the em-
bankment in the permafrost with different MAGTs.
'e lower the MAGT of the permafrost, the more
significant the asymmetry of the temperature dis-
tribution. With the time of sand particles deposition
increasing, the asymmetry of ground temperature
field in three different MAGTs weakens gradually.
Moreover, 'e influence of the sand particles de-
position can mitigate the degradation of the per-
mafrost beneath it, especially for the permafrost zone
with theMAGRs of −1.0 and −1.5°C.Within 50 years
of the sand particles deposition, the permafrost table
beneath the CSD is higher than that beneath the NS.

(3) From the variation of the temperature distribution at
different parts of the embankment, the influence of
the USPD on the permafrost table beneath the CE
could be ignored. In contrast, for the TES, with the
time of sand particles deposition increasing, the
degradation rate of permafrost table at the TES is
greater than that at the TE, especially for permafrost
with the MAGT −0.5°C. After 50 years of the sand
particles deposition at the toe of the embankment,
the permafrost table has moved 0.21m upward be-
neath the TE compared with that beneath the TES.

(4) With different sand thickness and width conditions,
the effect of “narrow and thick” form sand particles
deposition on the temperature field beneath em-
bankment was greater than that of “wide and thin”
form sand deposition. Hence, in order to reduce its
impact on the long-term thermal condition beneath
the embankment, it was necessary to clean the
thicker deposition sand particles at the toe of the
embankment.
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In this article, changes of pore water pressures (PWP) in silty clay subjected to freezing and thawing were measured under an
open-system condition. A total of five soil samples were tested, with water contents of 10.70%, 18.28%, 23.98%, 31.00%, and
37.65%, respectively. Each experienced a first-step freezing stage, a thawing stage, and a second-step freezing stage. 'e results
showed that changes in PWP depended on the water content, soil type, salinity, ice content, air, pressure, temperature, and others.
'e PWP minimum with initial water content has a “w-shaped double-valley” characteristic, which described two PWP minima
existing in two optimum water contents as initial water content increased. An influence-factor analysis of PWP was proposed and
gave a reasonable interpretation on the “w-shaped double-valley” characteristic of PWP. In addition, the tensiometer method to
measure PWP in frozen soil was further discussed with regard to its advantages and disadvantages.

1. Introduction

Construction and operation in cold regions may encounter
many environmental and engineering problems, such as
permafrost degradation, frost heaving, icing, thaw settle-
ment, thermokarst, and infrastructure failure. With the
development of our country’s economy and implementation
of Western development strategy, increasing projects are
built in cold regions, including railway, highway, power
transmission line, and petroleum pipeline. 'erefore, in-
creasing research work begins to focus on the deformation
process of frozen soil involving construction of these
projects. Frost heave and thaw settlement are two uppermost
hazards generally causing significant damages during en-
gineering construction and operation, and accurate pre-
diction of the deformation process is an important issue that
needs to be urgently solved.

Water migration and ice segregation as two essential
issues of the frost heave and thaw settlement problem have
always been of interest to researchers [1, 2]. When soils are
subjected to freezing, soil water freezes in situ with volume

increasing of 9%, or freezes in ice segregation way with
volume increasing of 109%. During ice segregation, water
migration occurs. Numerous investigations have focused on
the mechanisms of water migration and ice segregation, and
many theories and models have been proposed and studied,
including primary heaving theory [3–5], second heaving
theory [6–8], and segregation potential theory [9, 10].
Moreover, PWP measurement in freezing soil has been an
essential and key research work for further exploring the
mechanisms of water migration and ice segregation [11].

However, most of investigations on PWP were empirical
speculations or model calculations without direct experi-
ment data support. 'e measurement method of PWP has
been a challenge; only little work was focused on this re-
search, including hygrometer method [12], axis-translation
technique [13–15], Pf-meter method [16], and tensiometer
method [17–21]. Recently, increasing attention began to
focus on the tensiometer method. Zhang et al. [22] gave a
further improvement to this method based on previous
investigations on the measurement of PWP during soil
freezing. Using the novel PWP gauge, the PWP of sandy soil
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was measured in laboratory [22]. Based on the testing re-
sults, a change mode of PWP was suggested, and then the
frozen fringe process is analyzed, including the consolida-
tion of unfrozen zone, ice segregation, water migration, the
applicability of the generalized Clausius–Clapeyron equa-
tion (GCCE), and phase transition [23]. In addition, soil type
is a key influence factor for the frost heave and thaw set-
tlement deformation, and water migration and ice segre-
gation are more likely to occur in the frost-susceptible soils.
'erefore, compared to sandy soil, silty clay as a frost-
susceptible soil is more helpful to reveal the behaviors of
water migration and ice segregation.

Herein, we performed a series of PWP measurements on
silty clay subjected to freezing and thawing, and then a de-
tailed analysis on influence factors of the PWP is presented,
which will favor a further understanding of phase change
processing of soil water during soil freezing and thawing.

2. Materials and Methods

2.1. Sample Preparation. Silty clay as a typical type of soil
along the Qinghai-Tibet railway was tested, and the grain
size distribution and Atterberg limit of this soil are shown in
Table 1. 'e soil samples were prepared and tested at the
State Key Laboratory of Frozen Soil Engineering in Lanzhou,
China. 'e soil was thoroughly mixed with certain water
content and then hammered by a plane hammer into a
cylindrical Perspex cell. 'erefore, each soil sample had a
diameter of 101mm. A total of five soil samples were pre-
pared and measured during the experiments. 'e water
content of samples CN1, CN2, CN3, CN4, and CN5, re-
spectively, were 10.70%, 18.28%, 23.98%, 31.00%, and
37.65%. Other specific soil sample parameters, such as the
initial water content and height, are shown in Table 2.

2.2. Testing Program and Condition. 'e cylindrical Perspex
cell packed with the tested soil sample was put into the box of
the freeze-thaw cycling test machine. All of the temperature
probes and porous ceramic cups of PWP gauges were
inserted into the soil sample through the small holes in the
wall of the cell. Figure 1 is the detailed probe arrangements
on the cylindrical Perspex cell. 'e detailed sketch of freeze-
thaw cycling test machine and the design of PWP probe refer
to the article written by Zhang et al.[22]. Each sample ex-
perienced a process that included three stages: a first-step
freezing stage (abbreviated as fre1), a thawing stage (thw),
and a second-step freezing stage (fre2). Every step-freezing
stage (fre1 or fre2) was also divided into three steps (ab-
breviated as I, II, and III) according to different top plate
temperatures. In every step of the freezing stage (fre1 or
fre2), the testing time is approximately 48 hours. In the
thawing stage, soil sample thawed under room temperature
with a time of approximately 24 hours. All temperature
conditions of the samples tested are listed in Table 2. During
testing, PWP, temperature, and water volume absorbed into
soil sample were measured and recorded. After every test
ended, the water content distribution of each sample was
also obtained using gravimetric method.

3. Results

3.1. Water Migration Volume. Figure 2 is the variations of
water volume absorbed into silty clay samples CN1, CN2,
CN3, and CN4. As shown in Figure 2, the water volumes
absorbed into samples have the characteristics as follows:

(1) During soil freezing, the water volumes absorbed
into samples CN1, CN2, CN3, and CN4 linearly
increased over time. 'is implied that increasing
water was absorbed into samples during freezing.

(2) Samples with different water contents differed
greatly in water volumes absorbed into the samples,
and the water volumes absorbed into samples de-
creased as the initial water content increased. For
example, as shown in Figure 2, after the same testing
time (312 hours), the water volumes absorbed into
samples CN1, CN2, CN3, and CN4 are approxi-
mately 471.87, 309.60, 379.52, and 238.98 cm3, re-
spectively. 'e average migration rates of water
absorbed into samples are approximately 0.027,
0.018, 0.022, and 0.014 cm3/M.

(3) As the initial water content increased, sample in the
early stage of freezing experienced a state transition
from water absorption to drainage. For example, in
the early stage of freezing (fre1.I), water was
absorbed into sample CN1 but squeezed out of
samples CN2, CN3, and CN4. 'is state difference
exactly explained why sample with lower initial water
content had a larger water volume absorbed into it.

(4) In the thawing stage, except little water absorbed into
the samples in the early stage of thawing, no water
was absorbed into samples.

Figure 3 is the water content distributions of samples
CN1, CN2, CN3, and CN5 at the end of each testing. As
shown in Figure 3, we found the following:

(1) Water content of the bottom part of sample (the
unfrozen zone) was smaller than that of the upper
part of sample (the frozen zone), which implied that
there exists water migration from the unfrozen zone
to frozen zone.

(2) Water contents at the bottom part of all samples (the
unfrozen zone) were smaller than the initial con-
tents, which implied that there existed certain
consolidation in the unfrozen zone.

3.2. Displacement of Soil Sample. Figure 4 is the variations of
displacement of samples CN1, CN2, and CN4 during
freezing and thawing. As shown in Figure 4, samples CN1,
CN2, and CN4 differed greatly in displacement during
freezing and thawing and presented some characteristics as
follows:

(1) During soil freezing, there existed heaving of sample;
the heaving displacement decreased as the water
content increased; for each sample, the heaving
displacement in the second freezing stage (fre2) was
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larger than that in the first freezing stage (fre1). For
example, in the first freezing stage (fre1), the heaving
of samples CN1, CN2, and CN4 is approximately
4.38, 1.80, and 1.79mm, respectively; in the second

freezing stage (fre2), the heaving of samples CN1,
CN2, and CN4 is approximately 5.79, 2.20, and
3.92mm, respectively. During soil freezing, the
measured displacement, actually, is a sum of de-
formations of the frozen zone and the unfrozen zone.
'e deformation of the frozen zone was induced by a
frost heave process, which generally induced the
surface lifting. However, the deformation of the un-
frozen zone might be induced by two different pro-
cesses according to water content.Whenwater content
was large, the unfrozen zone mainly experienced a
consolidation process, which generally induced the
surface collapse. Conversely, when water content was
low, the unfrozen zone mainly experienced an
expanding process because some water was absorbed
into this zone from the reservoir bottle, which gen-
erally induced the surface lifting.'erefore, the surface
lifting decreased as the water content increased.
However, the heaving displacements in the second
freezing stage (fre2) were larger than those in the first
freezing stage (fre1), which may be attributed to the
fact that the displacements induced by consolidation in
the second freezing stage (fre2) are smaller, compared
to those in the first freezing stage (fre1).

(2) During soil thawing, there existed settlement in all of
samples; the settlement increased as the water content
increased. For example, the thawing of samples CN1,
CN2, and CN4 is approximately 0.55, 1.65, and
9.49mm, respectively. 'is thawing settlement is
mainly ascribed to the consolidation and frost heaving
during freezing which are both increase with water
contents increase. 'erefore, the settlement increased
as the water content increased during thawing.

3.3. PWPs during Soil Freezing and,awing. Figures 5–9 are
the variations of PWP of samples CN1, CN2, CN3, CN4, and
CN5 during the freezing and thawing. As shown in

Table 1: Grain size distribution and Atterberg limits of soils tested.

Soil type Liquid limit Plastic limit
Particle size (mm)

<0.075 0.075–0.1 0.1–0.25 0.25–0.5 0.5–1.0 1.0–2.0 >2.0
Silty clay (%) 25.5 11.9 19.83 51.90 17.0 7.43 2.90 0.47 0.0

Table 2: Temperature conditions of soil samples tested.

Samples Initial water content (%) Height (mm)

Temperature (°C)
Fre1

thw
Fre2

Top plate Bottom plate Top plate Bottom plate
(I/II/III) (I/II/III) (I/II/III) (I/II/III)

CN1 10.70 112.3 −5/−8/−11 1.5

R

−3/−5/−11 1.5
CN2 18.28 107.0 −11/−14/−17 1.0 −5/−9/−12 3.0
CN3 23.98 121.0 −3/−7/−14 3.0 −3/−7/−14 3.0
CN4 31.00 121.0 −3/−7/−11 3.0 −3/−7/−11 3.0
CN5 37.65 125.0 −5/−10/−15 1.0 −5/−10/−15 1.0
∗R denotes room temperature.
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Figure 3: Water content distributions of samples CN1, CN2, CN3, and CN5 at the end of tests.
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Figure 2: Variations of water volume absorbed into silty clay samples CN1, CN2, CN3, and CN4.
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Figure 5–9, we found some characteristics in the PWP as
follows:

(1) During soil freezing, PWP decreased as temperature
decreased. However, PWP in sample with low water
content was less sensitive to the temperature change.

(2) During soil thawing, PWP increased as temperature
increased.

(3) During soil freezing, the drop of PWP increased as
the soil depth increased.

(4) 'e minimum of PWP with initial water content had
a “w-shaped double-valley” characteristic, which
described that two minima of PWP exist in two
different water contents as initial content increased.
Table 3 is the minima of PWP during every freezing
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Figure 5: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN1. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN1. (c) Variation in the pore water pressure
Pw3 and temperature T7 during the freezing and thawing of sample CN1.
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Figure 4: Variations in displacement of samples CN1, CN2, CN3, and CN4 during freezing and thawing.
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Figure 6: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN2. (b) Variation in
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Figure 7: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN3. (b) Variation in
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Figure 8: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN4. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN4. (c) Variation in the pore water pressure
Pw3 and temperature T7 during the freezing and thawing of sample CN4.

24 48 72 96 120 144 168 192 216 240 264 288 312 3360
Time (hour)

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336

–30
–25
–20
–15
–10

–5
0
5

10

Pw
1 

(k
Pa

)

–10
–5

0
5

10
15
20

T2
 (°

C)

fre1.I fre1.II fre1.III fre2.I fre2.II fre2.IIIthw

(a)

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336

24 48 72 96 120 144 168 192 216 240 264 288 312 3360
Time (hour)

–40
–30
–20
–10

0

Pw
2 

(k
Pa

)

–10

0

10

T5
 (°

C)

fre1.I fre1.II fre1.III fre2.I fre2.II fre2.IIIthw

(b)
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336

24 48 72 96 120 144 168 192 216 240 264 288 312 3360
Time (hour)

–5
0
5

10
15

T7
 (°

C)

20
–35
–30
–25
–20
–15
–10

–5
0
5

10

Pw
3 

(k
Pa

)

fre1.I fre1.II fre1.III fre2.I fre2.II fre2.IIIthw

(c)

Figure 9: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN5. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN5. (c) Variation in the pore water pressure
Pw1 and temperature T7 during the freezing and thawing of sample CN5.
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stage (fre1 and fre2) of testing. Figure 10 is the
minima of PWP with different initial water contents,
which was plotted based on Table 3. For example, as
shown in Figure 10, the initial water content of A, B,
C, D, and E corresponded to the water contents of
being 10.70%, 18.28%, 23.98%, 31.00%, and 37.65%,
respectively. 'e PWP change tendencies differed
greatly in the different water content ranges, de-
creasing in the range of AB and CD, increasing in the
range of BC and DE. 'is implied that soil water has
different free energy states in different ranges of
water content. For the sake of analysis, water content
is divided into six ranges, including OA, AB, BC, CD,
DE, and DZ.

4. Influence Factor of PWP

Change of PWP upon freezing is affected by temperature,
pressure, soil type, air, ice content, water content, water
supply condition, salinity, supercooling, and others [23, 24].
Based on PWPmeasurements of silty clay, we gave a detailed
discussion on some key influencing factors of PWP.

4.1. Influence of Temperature on PWP. If the PWP variations
over time were related to temperature changes over time in the
same depth of the soil sample, a temperature dependence of

the PWP could be established. As shown in Figure 11, the
PWP with temperature generally experienced a change mode
including three phases. In the first phase, the PWP generally
had a slight increasing as the temperature decreased. In the
second phase, the PWP had a fast drop as the temperature
decreased. In the third phase, the PWP slightly increased as the
temperature decreased. Using the PWP Pw2 of sample CN5 in
the fre1.I step as an example (Figure 11), at first, the PWP had
a slight increase of approximately 5 kPa and then decreased to
a minimum −20.0 kPa as the temperature decreased; finally, it
increased slightly as the temperature decreased.

When the soils experienced a further second or third
freezing step, the soils still experienced a similar change
mode as described in the first freezing step above when
the temperature had a sudden drop. 'e PWP decreased
to an extreme point and then increased slightly with
decreasing temperature. Using the PWP Pw2 of sample
CN5 in the fre1.II step as an example (Figure 11), at first,
the PWP remained approximately −11.5 kPa, then de-
creased to a minimum −32.8 kPa as the temperature
decreased, and finally increased slightly as the temper-
ature decreased.

However, we must realize that the PWP change with
temperature is actually a combined effect of all influence
factors, not depending only on temperature. Based on phase
equilibrium, the PWP change is generally described by
GCCE as follows:

Table 3: 'e minima of pore water pressure during every freezing stage (fre1 and fre2) during tests.

Samples Initial water content %
Fre1 Fre2

Minimum of PWP (kPa)
Pw1 Pw2 Pw3 Pw1 Pw2 Pw3

CN1 10.70 −12.49 −18.689 −16.93 −16.42 −19.07 −17.21
CN2 18.28 −14.89 −44.75 −32.99 −17.22 −61.46 −33.02
CN3 23.98 −20.5 −27.99 −31.72 −18.22 −32.00 −29.33
CN4 31.00 −32.31 −37.93 −35.43 −34.02 −19.29 −45.46
CN5 37.65 −23.12 −33.18 −33.14 −31.16 −33.23 −32.52
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uw

ρw

−
ui

ρi

� L
T − Tf

Tf

; Ts ≤T≤Tf, (1)

where L is the latent heat of fusion; Tf is the freezing point of
water; T is the temperature of the ice and water; ρw and ρi are
the densities of water and ice, respectively; uw and ui is the
gauge pressure of water and ice; and Ts is the ice segregation
temperature. 'e PWP change depends only on the tem-
perature, irrespective of ice pressure. However, soil freezing
may be more inclined to be a nonequilibrium (irreversible)
thermodynamic process [23], and thus the PWP change
should have some time effect, which needs further research.

4.2. Influenceof IcePressureonPWP. In a range of high water
content (DE), irrespective of ice-water phase transition, ice
skeleton begins to form and bear the vast majority of load as
the water content increases, ice pressure increases based on
effective stress principle, and thus the PWP increases. In
addition, as the water content increases, the strength of ice
skeleton increases, and part of unfrozen water is confined in
the occluded space by ice. When there occurs the ice-water
phase change in soils, a larger ice pressure occurs because of
a larger density of water than ice. 'e PWP increases as ice
pressure increases, based on the GCCE (1).

Based on the effects above, we suggested that the PWP
induced by ice pressure increases as water content increases
in the range of high water content (DE), especially when the
unfrozen water is confined in the occluded space by ice. For
example, as shown in Figure 9(b), during the freezing stage
(fre1.III) of sample CN4, although the temperature T5 is
subzero, the maximum of PWP Pw2 reached 15 kPa. 'e
high PWP may be ascribed to the fact that the PWP probe is
confined in an occluded space by ice.'erefore, the PWP has
a fast increase because of ice-water phase change.

4.3. Influence of Soil Type on PWP. Compared to the results
of sandy soil that are referred to by Zhang et al. [22], silty clay

differs greatly from sandy soil in the change characteristic of
PWP as follows:

(1) 'e PWP drop of silty clay is larger than that of
sandy soil during the freezing, whichmay be ascribed
to the differences in particle size composition, pore
size, surface energy, permeability, specific surface
area, etc.

(2) In the early stage of freezing, silty clay has a slight
increase in PWP, while sandy soil remains constant.
'e difference implied that soil water of silty clay is
more susceptible to pressure, compared to sandy soil.
'e differences in the PWP may result from a
combination of two factors. First, the PWP in the
sandy soil sample has a faster dissipation rate than
the PWP in the silty clay sample because of the
higher permeability of sandy soil. Second, silty clay
may have a more significant increase in frost heaving
stress than the sandy soil during freezing.

(3) In silty clay, the PWP at a position can be affected by
the PWP at its adjacent position, while in sandy soil,
the PWP at a position is not affected by the PWP at
its adjacent position. 'is may be ascribed to two
factors: one is that the permeability of sandy soil is
larger than silty clay; the other is that more unfrozen
water content of silty clay than sandy soil favors
building a connected path for water migration.

(4) 'e PWP of sandy soil has a different change mode
between the first- (fre1) and the second- (fre2) step
freezing (i.e., before and after the freeze-thaw pro-
cess). 'is implies that the physical and mechanical
properties of sandy soil experience a significant
change after freeze-thaw cycles. However，the PWP
of silty clay has not a different change mode between
the first- (fre1) and the second- (fre2) step freezing.
'is may be because the number of freeze-thaw
cycles is so small (one freeze-thaw cycle) to induce a
significant change in the physical and mechanical
properties of silty clay.
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Figure 11: 'e PWP Pw2 of sample CN5 with temperature during two freezing steps (fre1.I and fre1.II).
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In addition, ice material also can bear load and absorb
water as soil does, and thus ice can be regarded as a special
type of soil, in some sense.

4.4. Influence of Air on PWP. In unsaturated soil, the total
soil suction is composed of matric and osmotic suctions,
which can be presented as follows:

ψ � ua − uw(  + π, (2)

where ψ is the total soil suction; (ua − uw) is the matric
suction; ua is the pore air pressure; and π is the osmotic
suction. 'e osmotic suction depends on the solute con-
centration. 'e item on the osmotic suction is ignored
because no or little salinity exists in the soil tested, and thus
the total soil suction is presented as follows:

ψ � ua − uw( . (3)

In addition, in terms of the partial vapor pressure of soil
water, the total soil suction can be presented as follows
(Richards, 1965):

ψ � −
RT

υw0ωv

ln
uv

uv0
 , (4)

where R is the molar gas constant; T is the absolute tem-
perature; υw0 is the specific volume of water; ωv is the
molecular mass of water vapor; uv is the partial pressure of
pore water vapor; and uv0 is the saturation pressure of water
vapor over a flat surface of pure water at the same tem-
perature. Based on equations (3) and (4), we can present the
PWP as follows:

uw � ua −
RT

υw0ωv

ln
uv

uv0
 . (5)

When the water content of sample is low, the axis-
translation technique is generally used to measure the soil-
water characteristic curve; a high air pressure is generally
applied. 'e air pressure has a further sharp increase as
water content further decreases, and thus, the first item on
the right side of equation (5) is larger, while the total soil
suction has a logarithmic relationship with the partial
pressure of pore water vapor, based on equation (4).
'erefore, when the water content is low, the second item of
equation (5) is also relatively larger. Based on a combined
effect of the first and second items, in a range of low water
content (OA), the PWP change is little as water content
change.

4.5. Influence of Water Content on PWP. 'e PWP change
depends on water content. During soil freezing, PWPs in
samples with low water content were less sensitive to the
temperature change, while PWPs in samples with larger
water content were sensitive to the temperature change.
When water content of soil sample is low, the phase tran-
sitions between ice, water, and vapor are nearly stopped.
'erefore, the change of PWP with temperature is less
sensitive. However, when water content of soil sample is

larger, the phase transition between ice and water is very
significant. 'erefore, the PWP change with temperature is
sensitive.

5. Analysis on Influence Factor of PWP

'e “w-shaped double-valley” characteristic in PWP is ac-
tually a response of soil water energy state to varied factors,
which is a combined effect from temperature, pressure,
salinity, matric potential, ice content, air, etc. We can de-
scribe this relationship as followss:

ΔPwf � ΔPwT + ΔPwp + ΔPwc + ΔPws + ΔPwi + ΔPwG,

(6)

where ΔPwf is the total PWP change; ΔPwT is the PWP
change induced by the temperature gradient when the soil
sample is saturated; ΔPwP is the PWP change that is
influenced by the internal stress changes of the soil (which
involves the changes of external load and frost heaving stress
or ice pressure); ΔPwc is the PWP change induced by the
solute concentration; ΔPws is the PWP change induced by
the soil matrix, i.e., matric potential;ΔPwi is the PWP change
induced by the ice matrix; and ΔPwG is the PWP change
induced by air.

Figure 12 is the influence-factor decoupling analysis on
PWP with initial water content, which is described based on
equation (6). Refer to Section 4.1, ΔPwT mainly depends on
the temperature in the temperature ranges of phase tran-
sition and thus nearly remains constant with water content
increasing. ΔPwc remains zero or a slight depression because
no or little salinity exists in the soil tested. In the range of low
water content, as initial water content increases, the matric
suction decreases and thus ΔPws increases. As initial water
content increases, ice content and its specific surface area
increase, and ice skeleton forms. 'e matric suction of ice
skeleton increases and thus ΔPwi decreases. When initial
water content is low, almost all of pores remain connect and
are full of air, and thus PWP is mainly affected by air
pressure.'erefore, ΔPwG decreases as air content decreases.
When initial water content is high, almost all of pores re-
main connect and are full of ice, and the unfrozen water is
generally confined in a closed space. 'erefore, ΔPwP in-
creases because of volume increasing induced by ice-water
phase change as water content increases in the ranges of high
water content.

Based on influence-factor analysis method, we can present
a reasonable interpretation to the “w-shaped double-valley”
characteristic of PWP. 'e PWP valley V1 is ascribed to a
combined effect of ΔPwG and ΔPws. Both of them intersect at
point A.When the initial water content is smaller than point A,
the drop rate of ΔPwG is larger than the increase rate of ΔPws;
when the initial water content is larger than point A, the drop
rate of ΔPwG is smaller than the increase rate of ΔPws.
'erefore, there exists a minimum of PWP in point
A. Similarly, the PWP valley V2 is ascribed to the combined
effects of ΔPwi and ΔPwP. Both of them intersect at point
B. When the initial water content is smaller than point B, the
drop rate ofΔPwi is larger than the increase rate ofΔPwP; when
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the initial water content is larger than point A, the drop rate of
ΔPwi is smaller than the increase rate ofΔPwP.'erefore, there
exists a minimum of PWP at point B.

'e different PWP is commonly referred to as the free
energy state of soil water, which refers to the content and
energy of free water, capillary water, weakly bound water,
strongly bound water, and interfaces between ice, water, and
air. In addition, the soil water state is closely related to the
pore morphology, mineral composition, and grain size
composition. 'ese issues all need a further detailed
research.

6. Discussion on the Tensiometer Method for
PWP Measurement in Frozen Soil

Using tensiometer method, we found that PWP had a drop
during soil freezing and increased during soil thawing.
'erefore, a reasonable change tendency in PWP can be
measured using this method, which indicated that the
method is valid. However, there still exist some limitations in
the method, which is mainly embodied in the following four
disadvantages:

(1) Cavitation occurs in the inner liquid of probe
lead to measurement failure. For example, as
shown in Figures 5–9, the discontinuity of data is
mainly ascribed to the measurement failure in-
duced by cavitation occurring in the inner liquid
of probe. 'is problem is always a challenge
for design of this kind of probe. To avoid cavitation
occurring and obtain consistent and valid data,
the probe must be reasonably saturated before
testing.

(2) 'e porous ceramic cup is relatively smaller in
strength, easy to fracture when subjected to high
stress. 'erefore, the probe is not suitable to apply
under high stress condition. During soil freezing, a

high frost heaving stress occurs in the soil because of
frost heave. A high stress also can occur in the soil
under heavy external load. 'e high stress frequently
makes the probe fracture and failure.

(3) 'e PWP has generally a broad change range (from
−100 kPa to several megapascals) during soil freezing
under heavy load. 'erefore, the positive measuring
range is much larger than the negative measuring
range, and the significant difference between positive
and negative measuring range will impose restric-
tions on the accuracy of probe.

(4) It is always questioned whether or not the PWP of
frozen soil with low water content can be measured.
'e method is based on a thermodynamic equilib-
rium between liquid in the sensor and unfrozen
water film in the soil. However, the unfrozen water is
relatively less and has a poor fluidity in the frozen soil
with low water content. 'is low water content will
cut off the connection of water film and further
destroy the thermodynamic equilibrium required by
the probe.

In conclusion, a more detailed investigation on the
method will be performed to measure the PWP of soils
subjected to negative temperature and high stress.

7. Conclusions

'e following conclusions can be obtained from the PWP
measurement of silty clay subjected to freezing and thawing:

During soil freezing, as temperature decreases, PWP
first has a slight increase, then decreases to a minimum,
and finally has a slight increase. During soil thawing,
PWP increases as temperature increases.
'e PWP minimum has a “w-shaped double-valley”
characteristic as initial water content increases.
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Figure 12: Influence-factor analysis of PWP with initial water content. OA, AB, BC, CD, DE, and DZ correspond to different water content
ranges, respectively.
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'e PWP changes depend on multifactors. An influ-
ence-factor analysis of PWP was proposed and gave a
reasonable interpretation on the “w-shaped double-
valley” characteristic of PWP.
'emethod to measure PWP used in this article is valid
for the PWP measurement during soil freezing and
thawing. However, there still exist some limitations for
further research.
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In cold regions, the long-term stability of engineering facilities is unavoidably influenced by the negative temperature, freeze-thaw
process, dry-wet process, and dynamic loading conditions induced by earthquakes and traffic loads. In order to investigate the
effects of different cyclic stress paths on the evolution of dynamic mechanical properties of frozen silt clay, a series of cyclic triaxial
tests with variation confining pressure (VCP) or constant confining pressure (CCP) were performed. Triaxial low-temperature
apparatus (MTS-810) was taken advantage of to simulating various cyclic stress paths by changing cyclic loading conditions of
axial stress and confining pressure. In this paper, the evolution features of the axial resilient modulus, damping ratios, and the
shape of hysteresis loops with an increase in the number of load cycles under different dynamic stress paths are comprehensively
studied. *e results show that the loading angle of cyclic stress path and the phase difference between cyclic axial stress and
confining pressure are the main factors that remarkably affect the development characteristics of the resilient modulus and
damping ratio. With increasing of the loading angle and phase difference, the resilient modulus increases, but damping ratio
increases with increasing of loading angle and with decreasing of phase difference. With the continuous increase in the number of
loading cycles, the samples of frozen soil show compacting and hardening characteristics. With an increase in the number of load
cycles, the shape of hysteresis loop becoming narrows, the resilient modulus decreases at the initial stage and then gradually
increases, and the damping ratio stably decreases. According to contrastively analyzing the evolution of dynamic parameters and
the shape features of hysteresis loops under various cyclic stress paths, it can be clearly discovered that the evolution of sample
microstructure and the development of dynamic characteristics of frozen samples have obvious dependence on the cyclic stress
path. *erefore, the effects of variable confining pressure (VCP) on dynamic behaviors of frozen soils are nonnegligible in
practical cold region engineering.

1. Introduction

With the continuous expansion of human living space, more
and more engineering facilities (such as railways, highways,
cannels, and pipelines) have been built in cold regions [1–4].
Meanwhile, the serviceability of these infrastructures is
inevitably affected by the environmental change and geo-
logical hazard such as global-warming-related deformation,
frozen-thaw, dry-wet process, and dynamic loading (e.g.,
earthquakes, traffic loads, or ocean wave storms) [5–9].
Especially dynamic load that is induced by earthquake, such
as the 8.1-magnitude Kunlun Mountains earthquake in

November 2001, caused serious cracks on some sections of
the Qinghai-Tibet highway and the Qinghai-Tibet railway
[10], seriously threatening the safety of the infrastructures.
Long-term dynamic load may lead to vertical deformation
exceeding the acceptable limit, and the infrastructures may
lose serviceability [11]. *erefore, many investigations on
the dynamic properties of frozen soil have been conducted
[11–15]. But, those works mainly focus on dynamic prop-
erties of the frozen soil under constant confining pressure
(CCP) condition. For seismic load, the S-wave and P-wave
acting on the subgrade will be in random combination with
different amplitudes, frequencies, and loading orders, while
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the CCP condition can only simulate a specific combination
of normal stress and shear stress. Also, for the case of vehicle
load acting on the surface structure, the lateral stress will also
change passively with the change of the axial load, instead of
remaining constant due to the Poisson effect of geotechnical
materials.*erefore, it is very limited to simulate complex in
situ dynamic stress field by axial vibration loading under
CCP condition. Cai et al. [16] compared the one-way cyclic
triaxial behaviors of saturated clay under several stress paths
with VCP and CCP. *e study found that VCP tests were
more appropriate than CCP tests in the simulation of traffic
loading conditions because the VCP stress paths can provide
the coupling effects of the variable deviatoric stress and
variable confining pressure. *e study by Gu et al. [17]
indicated that vibration sources applied a repeated loading
on the subsurface soil layers may lead to complex stress field,
in which all the stress states of the soil elements may gen-
erally vary in long-term workings. However, the case of VCP
is more suitable for simulating the actual stress field [18, 19].
But, similar research methods are never used in the labo-
ratory test for frozen soils. Due to the existence of the ice, the
mechanical properties of frozen soil are more complex than
those of unfrozen soils [20–26]. In order to further develop
the understanding for the dynamic mechanical properties of
frozen silt clay under complex stress field, the triaxial low-
temperature apparatus (MTS-810) was used to simulate
various cyclic stress paths. To some extent, the evolution law
of resilience modulus with the number of load cycles in-
crease under a special dynamic stress path can partly reflect
the development characteristics of mechanical properties of
the frozen soil samples. *erefore, the law can further reflect
the stress path dependence of mechanical property evolution
under dynamic stress path. *e damping ratio is an im-
portant index to represent the soil’s ability of absorbing
vibration energy. *e hysteresis curve reflects the charac-
teristics of elastic-plastic deformation, stiffness, and energy
dissipation of soils under dynamic load.*e hysteresis curve
is the basis of determining and analyzing nonlinear dynamic
response [27]. Meanwhile, the microscopic damage char-
acteristics of rock and soil materials can be analyzed by the
development of the macroscopic shape of the hysteretic
curve. *erefore, this paper emphatically studied the evo-
lution law of the dynamic parameters and the shape of
hysteresis loop with increasing number of load cycles under
different cyclic stress paths. According to the work in
[11, 28], the dynamic modulus and damping ratio of the
frozen soil are influenced by the many factors, such as the
dynamic stress (strain) amplitude, temperature, and mois-
ture content. Ling et al. [29] studied the relationship between
the dynamic elastic modulus ratio and normalized shear
strain under varies different conditions through loading step
by step. But, for multistage loading, the mechanical prop-
erties of the frozen soil are inevitably influenced by the
previous stress history. Zhang et al. [30] carried out a series
research about dynamic resilient modulus and damping
ratio with axial strain development, and the evolution law of
mechanical properties of frozen soil samples during in-
creasing of axial strain was revealed. But, few investigation
works were focused on the evolution of dynamic parameters

and the hysteresis shape of frozen soils with increasing
number of loading cyclic under different dynamic stress
paths.

In this paper, dynamic tests with three types of cycle
stress paths were simulated to present the evolution char-
acteristics of resilient modulus, damping ratios, and shape of
hysteresis loops of frozen samples with increasing loading
cyclic under different cycle stress paths. Moreover, the main
influencing factors of mechanical properties for frozen soil
are deeply analyzed.

2. Experimental Program

2.1. Test Apparatus, Test Materials, and Sample Preparation.
Dynamic tests with variable confining pressure (VCP) or
constant confining pressure (CCP) were conducted by the
low-temperature triaxial apparatus (MTS-810) at the tem-
perature of −6°C. *e apparatus can control the amplitudes,
frequency, and waveform of the axial stress and confining
pressure, and the initial phase difference between the axial
loading and confining pressure can be set up independently.
*e hydraulic oil was used in the confining pressure system.
*e outer wall of the chamber is wrapped around pipes that
allow the cooling liquid to flow. So, the hydraulic oil not only
provides pressure medium but also ensures if the required
negative temperature environment is stable. *e main pa-
rameters about the test systems are described as follows: the
maximum axial load and confining pressure are 100 kN and
20MPa, respectively, the range of the axial frequency is
0–50Hz, the maximum displacement is 85mm, and the
range of temperature is room temperature of −30°C. *e
experimental data are automatically collected by the com-
puter system.

In this study, the test material is silty clay collected from
the site along the Qinghai-Tibetan Railway, China. *e basic
physical parameters are given in Table 1. *e grain size
distribution of the soil is shown in Figure 1.

Before the test, soils are placed under the sun for 3-4 days
and then pulverized and sieved through a 2.0mm screen to
generate the prepared sample. Afterwards, appropriate
amount of soil and deionized water were utilized to prepare
the spare soil with a water content of 20.5%, which was
placed in a sealed bag for more than 24 h. After that, ap-
propriate amount of spare soil was taken to prepare samples
with a height of 125.0mm (the error is ±0.5mm) and a
diameter of 62.0mm.*e quality of the spare soil determines
the dry density level of the sample (1.64 g/cm3). *en, the
specimens were put into a copper mold, with permeable
stone on top and bottom, and fixed with an iron frame.*en,
the samples with the mold were placed in a jar with an air
extractor (shown in Figure 2(a)) and were held for 4 h under
pressure 600 kPa. *en, the deionized water was injected
into the jar through the pressure, and the samples were
soaked for at least 24 h. Subsequently, the samples were
taken out from the jar and were placed in a refrigerator with
a temperature of −30°C for more than 24 h. *en, all the
samples were carefully trimmed with a height of 125.0mm
and diameter of 61.8mm on a lathe in a cold room under the
temperature of −6°C, and then, each sample was sealed with
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a piece of rubber membrane as well as two resinous end caps
as shown in Figure 2(b). Prior to the start of the experiment,
all samples were placed in a thermostat at −6°C. *e sample
contrast before and after the experiment is shown in
Figure 2(c).

2.2. 0e Dynamic Stress Path. In this paper, three types of
cyclic stress path are adopted in this investigation: (1) three
directions of cycle stress path are selected on the stress plane
of normal stress and shear stress (σd − τd plane) to perform
three groups of experiments under approximate equal stress
path length, as shown in Figure 3(a); (2) as shown in
Figure 3(b), the nonlinear cyclic stress path on the σd − τd

plane is obtained by changing the phase difference between
principal stress σ1d and σ3d; and (3) cyclic stress paths with
roughly equal deviatoric stress amplitude are simulated on
the plane of mean principal stress and deviatoric stress
(pd − qd plane) to observe the influence of mean principal
stress on the dynamic characteristics of frozen soil samples,
described in Figure 3(c). To distinctly express the charac-
teristics of different cyclic stress paths, the parameters’
amplitude ratio ηampl and the half-length value of cyclic
stress path A and loading angle for cyclic stress paths α on
the stress plane of σd − τd and amplitude ratio ζampl and half-
length of the cyclic stress path B on the stress plane of
pd − qd, as well as the principal stress σ1d and σ3d vibration
equations, were introduced in [31]. Also, the loading angle
for the cyclic stress path on the stress plane of pd − qd is
expressed as follows:

β � arctgζampl
. (1)

*e condition of all the test samples are summarized in
Tables 2 and 3.

3. Test Results and Discussion

3.1. Dynamic Resilient Modulus. In order to accurately de-
scribe the evolution characteristics of resilient modulus of
frozen silty clay with an increase in the number of load cycles
under different cyclic stress paths, the calculation method is
adopted as in Figure 4. When the deviator stress is partly
unloading Δq, it will produce the corresponding axial strain
rebound Δεr.*erefore, we define the axial resilient modulus
Er as follows:

Er �
Δq
Δεr

. (2)

Based on the measured values, the relationship between
the standard logarithm of cycle number lgN and resilient
modulus Er under all stress paths is a fitted quadratic. *e
fitting parameters a, b, and c and R2 are shown in Table 4,
and the expression is given by the following equation:

Er � a + b · lgN + c · (lgN)
2
. (3)

*e relationship between the number of load cycles N

and resilient modulus Er with different half-length of cycle
stress paths value A in the same direction and different
loading directions with approximately equal half-length are
shown in Figure 5. *e solid lines represent the optimal
fitting of the experimental data. It could be seen that the
resilient modulus Er decreases rapidly with the increase of
cyclic loading before the initial vibration stage. After that,
the resilient modulus retains a slightly upward trend. With
an increase in the half-length of the cyclic stress path on the
same cyclic loading direction, the initial stage resilient
modulus decreases. Also, the difference of resilient modulus
is obvious in this stage. Subsequently, it is clear that, with an
increase in the number of cyclic loading, the resilient
modulus level at the same loading direction is getting closer
and closer. *is phenomenon precisely illustrates that, with
the continuous dynamic loading, the samples are
strengthening. For the same cycle stress loading direction,
although the stress path length is different, the samples were
induced the same anisotropic behavior structure to adapt the
stress field. Obviously, with an increase in the loading angle
α of cycle stress path, the resilient modulus Er increases.
Compared to the half-length of the cyclic stress path, the
loading angle of the cyclic stress path has a more obvious
influence on the resilient modulus, which indicates that the
loading angle of the cyclic stress path is the main factor
affecting the resilience characteristics of frozen soil.

As shown in Figure 6, the development tendency of Er is
obtained under the different phase difference φ of principal
stress σ1d and σ3d. *e whole variation trends are identical
with the former cases; Er decreases in the initial some
hundred cycles and then enters a stable increase stage. *e
comparison results illustrate that Er increases as the phase
difference increases under the same number of load cycles.
According to analyzing those nonlinear stress paths in a

Table 1: Basic parameters of silty clay.

Liquid limit (%) Plasticity limit (%) Liquid plastic limit index (%) Dry density (g/cm3)
32.55 21.15 11.4 1.64
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Figure 1: *e grain size distribution of silty clay.
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normal-shear stress plane, the path loci for φ� 45° and
φ� 270°or φ� 90° and φ� 225° are similar but rotate in
opposite directions. Obviously, when the dynamic stress
path rotates in an anticlockwise direction, Er is larger than

that in the clockwise condition. For nonlinear cyclic stress
paths, the loading orders of normal and shear stress are
different from those for the linear condition of synchronous
and asynchronous loading. As is shown in Figure 3(b), for

(a) (b)

(c)

Figure 2: (a) *e apparatus used for the air extractor; (b) the prepared samples before the testing; and (c) sample contrast before and after
the test.
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Table 2: Details of the test conditions.

Sample no. σampl
1d (MPa) σampl

3d (MPa) ηampl A (MPa) φ (°)

1-1-1 0.141 0.140 0 0.141 0
1-1-2 0.290 0.248 0 0.269 0
1-1-3 0.431 0.352 0 0.391 0
1-2-1 0.195 0 1 0.138 0
1-2-2 0.387 0 1 0.273 0
1-2-3 0.568 0 1 0.402 0
1-3-1 0.133 −0.139 ∞ 0.136 180
1-3-2 0.272 −0.239 ∞ 0.265 180
1-3-3 0.394 −0.383 ∞ 0.389 180
1-4-1 0 0.184 −1 0.130 0
1-4-2 0 0.380 −1 0.269 0
1-4-3 0 0.546 −1 0.386 0
2-1 0.455 0.431 0 0
2-2 0.473 0.428 45
2-3 0.464 0.422 90
2-4 0.463 0.429 135
2-5 0.444 0.442 ∞ 180
2-6 0.443 0.456 225
2-7 0.466 0.429 270
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Figure 3: *ree types dynamic stress path: (a) the same length under different inclination angles; (b) the different phase difference of
principal stress; and (c) the same deviatoric stress amplitude with different inclination angles.
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the clockwise stress path rotation, when the shear stress is
loading from the minimum value to the maximum value, the
normal stress is unloading from the middle value to the
minimum and then loading to the middle value. When the
shear stress is unloading from the maximum value to the
minimum value, the normal stress is loading from the
middle value to the maximum value and then unloading to
the middle value. For the anticlockwise condition, the
loading order of normal stress is completely opposite to that
in the former case in the process of shear stress loading or
unloading. *erefore, in the process of shear stress
unloading, the normal stress level during cyclic stress path
clockwise rotation is higher than that during counter-
clockwise rotation. Also, the normal stress first increased
and then decreases when the clockwise condition, but first

decreases and then increases for the case of counterclockwise
condition in the shear stress unloading process. *is means
that, in the process of shear stress unloading, along the
clockwise stress path, the produced rebound elastic strain is
larger than that in the anticlockwise condition.

In order to understand how the amplitude of the mean
principal stress pampl affected the dynamic proprieties of
frozen silty clay, a new series of tests are conducted under the
approximately equal amplitude of deviatoric stress qampl.*e
comparison results of permanent strain accumulation with
loading cyclic number are shown in Figure 7 for further
confirming the effects of amplitude ratio ζampl on the ac-
cumulation deformation behaviors. *e absolute value of
ζampl decreases, namely, the length of dynamic stress path
increases and the axial strain is faster accumulating under
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Figure 4: *e resilience modulus calculation methods under different dynamic stress paths.

Table 3: Details of the test conditions.

Sample no. σampl
1d

/(MPa) σampl
3d

/(MPa) ζampl B (MPa) φ (°)

3-1 0.11 0.366 −1 0.38 0
3-2 0 0.273 −1.5 0.328 0
3-3 0.176 0.086 ∞ 0.262 180
3-4 0.255 0 3 0.269 0
3-5 0.369 0.085 1.5 0.336 0
3-6 0.461 0.178 1 0.393 0
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Table 4: Fitting parameters and R2 of resilient modulus under various dynamic stress paths.

Testing condition a b c R2

ηampl � 1 A� 0.13

I

3.477 −0.77 0.122 0.86
ηampl � 1 A� 0.27 2.651 −0.34 0.065 0.737
ηampl � 1 A� 0.39 2.445 −0.372 0.0822 0.931
ηampl �∞ A� 0.13 5.007 −1.298 0.242 0.826
ηampl �∞ A� 0.27 3.632 −0.749 0.174 0.956
ηampl �∞ A� 0.39 3.171 −0.722 0.178 0.958
ηampl � −1 A� 0.13 8.258 −2.737 0.486 0.897
ηampl � −1 A� 0.27 5.322 −0.889 0.203 0.825
ηampl � −1 A� 0.39 4.884 −1.368 0.362 0.958

II

φ � 45° 1.904 −0.14 0.06 0.983
φ � 90° 2.203 −0.251 0.074 0.935
φ � 135° 2.401 −0.386 0.11 0.953
φ � 180° 2.499 −0.416 0.12 0.938
φ � 225° 2.94 −0.477 0.118 0.897
φ � 270° 3.32 −0.393 0.087 0.912

ζampl
� 1

III

2.125 −0.26 0.03 0.939
ζampl

� 1.5 2.165 −0.324 0.051 0.651
ζampl

� 3 2.932 −0.51 0.09 0.752
ζampl

�∞ 3.774 −0.669 0.128 0.793
ζampl

� −1.5 6.502 −1.39 0.281 0.776
ζampl

� −1 9.072 −3.163 0.72 0.818
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Figure 5:*e relationship between resilientmodulus and the number of loading cycles under different loading angles and length of dynamic
stress paths.
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approximately equal amplitude of deviatoric stress. *rough
the result, it is discovered that the increase in amplitude of
mean principal stress can obviously accelerate the perma-
nent axial strain accumulation, but the loading order of
deviatoric stress and mean principal stress is not obvious for
the strain accumulation of this frozen soil.

*e relationship between resilient modulus Er and lgN is
plotted in Figure 8. Obviously, as the cyclic stress loading
angle increases, the resilient modulus increases. It is re-
markable fact that the elastic deformation characteristic has
an obvious dependence on the cycle stress path, and the
loading sequence between deviatoric stress and mean
principal stress is markedly affected by resilient modulus.
Comparing to the influence of mean principal stress am-
plitude on resilient modulus, the loading sequence are more
important for the evolution law of the resilient modulus.*e
primary reason lies in the fact that both the mean principal
stress and deviatoric stress have the property of producing
elastic strain. For the condition of synchronous loading and
unloading, the elastic strain is produced by deviatoric stress
and mean principal stress storing and releasing simulta-
neously, but for case of asynchronous loading and
unloading, the released elastic strain because of the
unloading of deviatoric stress is partially offset by the elastic
strain which is produced by the mean principal stress
loading process.

3.2. Damping Ratio. *e damping ratios λd of materials are
an important parameter tomeasure the capacity of the soil to
absorb the vibration energy during each cyclic loading

process. For unfrozen soil, the mechanisms of material
damping are contributed to friction between soil particles,
strain rate effect, and nonlinear soil behavior [32]. From
dynamic theory for soils mechanics, the hysteretic damping
ratio of unfrozen soil is calculated as described in Figure 9,
and its formulation is expressed as follows:

λd �
1
4π

WD

WS

, (4)

where WD stands for the area of hysteresis loop and WS

represents the area of shadow triangle. For frozen soil,
damping primarily reflected the viscosity properties of ice
and particles that was generally estimated by the damping
ratio [8]. *e calculation method damping ratio for frozen
soil is shown in Figure 10, and the formulation is given by

λd �
1
π

WE

WΔ
, (5)

where WE stands for the area of the hysteresis loop ABDA
and WΔ stands for the area of the shadow triangle ΔCEF.*e
damping ratio reflected the absorption ratio of energy
during a single vibration. All the relationships between the
standard logarithm of the number of load cycle lgN and the
damping ratios were fitted by the following equation:

λd � a + b · lgN + c · (lgN)
2

+ d · (lgN)
3
. (6)

*e fitting parameters a, b, c, and d and R-square are
given in Table 5.

Typical test results for the evolution law of damping ratio
λd and lgN under different dynamic stress paths with
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Figure 6: Relationship between resilient modulus and the number of load cycles with a different phase difference of principal stress.
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approximately equal half-length of cycle stress path or for
different half-lengths with the same cycle load direction are
shown in Figure 11. In the figure, the solid lines represent the
optimal fitting of the experimental data. It can be discovered
that the length of the cycle stress path and cyclic stress
loading angle are the key elements which influence the shape
of the curve, and when the cyclic stress loading angle in-
creases and the length of cyclic stress path decreases, the
damping ratio increases. Comparing with the length of
dynamic stress paths, the loading angle of cyclic stress is the
most important factor for affecting the damping ratio, and
when the cyclic stress loading angle α> 90°, the dynamic
damping ratio is obviously large than that when α< 90°. *e
curves of damping ratio get closer with equal amount in-
creases in the length of the dynamic stress path under the
same cyclic loading direction. With an increase in the
number of load cycles, the damping ratio decreases and gets

closer and closer under the same cyclic stress path direction.
*e results illustrated that the similar microstructures are
induced by the loading in the same cyclic load direction.

*e relationship between λd and lgN with different
phase differences of principal stress is shown in Figure 12. It
is clearly seen that the damping ratio increases with a de-
crease of the phase difference of principle stress under the
same cycle load numbers. As is shown in Figure 3(b), with
increasing phase difference of principle stress, the rotation
direction of the nonlinear cycle stress path is clockwise when
φ< 180° and then the path direction turns counterclockwise
when φ> 180°. When φ� 45°and φ� 270° or φ� 90°and
φ� 225°, the stress path loci are similar but rotate in opposite
directions, so the damping ratio has a great difference.
*erefore, the loading order of normal and shear stress
distinctly affects the damping ratio. *e vibration energy
absorption rate of frozen soil is clearly affected by the
coupled effect of normal and shear stress.

Figure 13 describes the relationship between λd and lgN

under approximately equal amplitude of deviator stress.
With an increase in the number of load cycles, the damping
ratio decreases. *e result indicates that the effect of the
amplitude ratio on the damping ratio is not obvious when
ζampl> 0. But, when ζampl< 0, the damping ratio is markedly
lager than that in the former condition, and with an increase
in cyclic loading, the angle value increases. According to the
contrast the loading methods, it is found that, for syn-
chronous loading of the mean principal stress and deviatoric
stress (ζampl> 0), the loading energy produced by the two
loads is stored and released simultaneously. Similar as
previously described about resilient modulus lager when
ζampl< 0, the axial deformation is mainly plastic deformation
during the deviatoric stress loading process, and the re-
coverable elastic deformation is very limited to the deviatoric
stress in the unloading process. *erefore, the compre-
hensive effect shows that the loading energy is mainly
absorbed by the samples in the process of deviatoric stress
loading and unloading process. From the findings, it can be
concluded that the different vibration combination of
deviatoric stress and mean principal stress is obviously af-
fected the energy absorption rate, and this point is always
ignored by investigators.

3.3. Hysteresis Loop. *is paper defined the hysteretic curve
as the deviatoric stress-axial strain relationship under one
cyclic loading. In this part, the hysteresis loops of each cyclic
loading stress path when N� 10–11, 100–101, 1000–1001,
and 10000–10001 are given in Figures 14–16. It can be seen
that the area of hysteresis loops gets narrower and denser
and the bottom opening gets smaller as the cycle number
increases. It is evident that, for a single cycle, the ability of
frozen soil to absorb vibration energy increases, the mi-
crostructure damage of the sample and unrecoverable strain
decrease, and the samples are strengthened, and the de-
formation is the main elastic deformation with the increase
of the number of load cycles. *e testing result indicates that
the shape of hysteresis loop varies greatly under different
stress paths.

Gmax

WS

WD

G = τ/γ

λd = 1/4π∗ (WD/WS)

Shear stress, γ

Shear stress, τ

Figure 9: Hysteresis loop for one cycle of loading showing the
calculation method of damping ratio in theory.

�e Nth cycle
qmax

qmin

�e area of triangle: ΔCEF

Loading

Unloading

A

Axial strain (εa)

E D F

B C

o

Figure 10:*e calculationmethod of damping ratio for frozen soil.
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Table 5: Fitting parameters and R2 of damping ratio under various dynamic stress paths.

Testing condition a b c d R2

ηampl � 1 A� 0.13

I

0.517 −0.104 −0.033 0.0076 0.995
ηampl � 1 A� 0.27 0.608 −0.342 0.073 −0.0055 0.998
ηampl � 1 A� 0.39 0.644 −0.409 0.105 −0.0099 0.997
ηampl �∞ A� 0.13 0.678 −0.195 0.012 0.0059 0.994
ηampl �∞ A� 0.27 0.741 −0.419 0.099 −0.0092 0.998
ηampl �∞ A� 0.39 0.716 −0.430 0.110 −0.0106 0.996
ηampl � −1 A� 0.13 0.916 −0.161 −0.033 0.0076 0.989
ηampl � −1 A� 0.27 0.961 −0.438 0.102 −0.0098 0.989
ηampl � −1 A� 0.39 0.836 −0.327 0.067 −0.0059 0.996

II

φ � 45° 0.643 −0.352 0.111 −0.0106 0.971
φ � 90° 0.737 −0.493 0.159 −0.0167 0.982
φ � 135° 0.743 −0.588 0.204 −0.0235 0.981
φ � 180° 0.778 −0.645 0.222 −0.0258 0.992
φ � 225° 0.639 −0.607 0.216 −0.0258 0.985
φ � 270° 0.207 −0.250 0.069 −0.0062 0.918

ζampl
� 1

III

0.475 −0.193 0.026 0 0.993
ζampl

� 1.5 0.525 −0.252 0.046 −0.003 0.988
ζampl

� 3 0.527 −0.227 0.034 −0.0017 0.995
ζampl

�∞ 0.534 −0.223 0.034 −0.002 0.993
ζampl

� −1.5 0.734 −0.109 0.043 0.0093 0.967
ζampl

� −1 0.949 −0.108 0.027 0.0044 0.987
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Figure 11: *e damping ratios with an increase in the number of load cycles under different dynamic stress paths.
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Figure 14: Continued.
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Figure 14: *e hysteresis loops of different dynamic stress paths with the same half-length value of dynamic stress paths.
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Figure 15: *e hysteresis loops of different principal stress phase differences.
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*e sharp of hysteresis loops of different cycle stress
paths under the same half-length (A� 0.27MPa) is shown in
Figure 14. It is obvious that the sharps of hysteresis loops
with ηampl � 1 and ηampl � −1 are obviously different. *e
cycle stress path of different amplitude ratios ηampl with the
same length of cyclic loading paths is shown in Figure 3(a).
*e major difference between cyclic stress paths lies in the
different combinations of normal and shear stress amplitude
and order of the two loading and unloading. Shear and
normal stress loading or unloading take place simulta-
neously when the amplitude ratio ηampl � 1, but when
ηampl � −1, the two stresses’ vibrations are asynchronous.
Comparing with the two kinds of hysteresis loop, it is found
that the hysteresis loop is fatter when ηampl � −1 than when
ηampl � 1. *e curve of hysteresis loops bulge outward in the
process of loading and unloading for the condition of
ηampl � −1. *is means that, with shear stress loading and
normal stress unloading, the axial strain is increasing faster
and faster. *en, with the shear stress unloading and normal
stress loading, the corresponding axial strain changes to
rebound. Compared with the case ηampl � 1, the slope of the
hysteresis curves is relatively stable. *erefore, it may be
concluded that shear stress loading and normal stress
unloading process is more likely to cause microstructure
damage, and the loading of normal stress in the shear stress
unloading process can partly heal the damage.

It is shown in Figure 15 that the sharp of hysteresis loops
which is caused by nonlinear cycle stress paths are signifi-
cantly different with the linear condition. For different phase
differences of principle stress, the sharps of hysteresis loops
have a distinct difference, especially when the rotation di-
rection of the dynamic stress path is opposite (such as φ� 45°
and φ� 270°). With an increase in the phase difference, the
area of hysteresis loop decreases under the same number of
loading cycles. When φ� 270°, the deviatoric stress loading
curve is below the unloading curve that leads to the cal-
culated damping ratio being negative. Also, the negative
increases with an increase in the number of loading cycles.
*erefore, the normal stress obviously affected the shape of
hysteresis loops and the state absorption or release of vi-
bration energy. It is clear that the shape of the hysteresis loop
obviously depends on the cyclic loading stress path and
affected by the normal and shear stress coupling effect.

As is shown in Figure 16, which reflected the shape of
hysteresis loops with different cyclic loading stress paths and
cycle numbers under approximately equal deviatoric stress
amplitude, the difference of the hysteresis loop is not ob-
vious when ζampl> 0. With an increase in the number of load
cycles, the hysteresis loop becomes narrow and maintains a
steady slope. *is result illustrated that the major defor-
mation of the sample in the last stage is elastic deformation.
Similar with the former results, the shape of hysteresis loops
is greatly different when ζampl< 0. It is obviously fatter than
the case of ζampl> 0. So, it is illustrated that ability of energy
dissipation is stronger during the asynchronous loading of
deviatoric stress and mean principal stress than during
synchronous loading.

In summary, the loading order of normal stress and
shear stress or mean principal stress and deviatoric stress is a

significant factor that affected the dynamic resilient mod-
ulus, damping ratio, and the hysteresis shape of frozen
samples. *e result clearly reflected that the initial isotropy
microstructures of remold frozen soil samples induced
different anisotropy structures by different cyclic loading
stress paths. *erefore, the evolution of frozen soil micro-
structure with an increase in the number of load cycles has
an obvious cyclic loading stress path dependence.

4. Conclusions

In this paper, a series of cycle triaxial tests under variable
confining pressure or constant confining pressure were
conducted on frozen silt clay at the temperature of −6°C and
frequency of 0.5Hz to simulate various near-linear or
nonlinear dynamic stress paths. *e evolution of dynamic
parameters and characteristics of the hysteresis loop with an
increase in the number of cyclic loading under different
dynamic stress paths are investigated. *e main findings are
summarized as follows:

(1) With the continuous dynamic loading, the param-
eters resilient modulus Er and damping ratio λd

rapidly decrease in the initial loading stage first and
then go into the stability development stage. *e
shape of hysteresis loops is getting narrower and
denser. As the cyclic loading angle of the stress path
increases, the resilient modulus Er and damping
ratio λd increase. Compared to the length of the
dynamic stress path, the inclination angle of the
cyclic stress path is the main factor to affect the
resilient modulus Er and damping ratio λd.

(2) *e curves of Er − N and λd − N under the same
cyclic stress path loading direction with different
half-lengths of the cycle stress path are getting closer
and closer. *is result indicates that the same cyclic
loading direction can induce the frozen samples to
produce a similar anisotropy microstructure.

(3) When the slope of the near-linear cycle stress path is
opposite, or the rotation direction of the nonlinear
cycle stress path is opposite, the dynamic parameters
and the shape of the hysteresis loop are significantly
different. *is result reflects that the evolution of the
dynamic characteristic of frozen soil is influenced by
the coupling effect of normal and shear stress or
deviatoric and mean principle stress.*emechanical
property development of frozen soil has an obvious
cyclic loading stress path dependence.

Data Availability

*e data used in this study are provided in this manuscript.

Additional Points

1. A series of dynamic triaxial tests were conducted on frozen
silt clay by using different cyclic stress paths2. Effect of cyclic
stress paths on dynamic parameters and hysteresis loop
characteristics of frozen silt clay were investigated in detail3.
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*e influence of dynamic amplitude, cyclic stress path di-
rection, phase difference, and rotation direction on dynamic
parameters and hysteresis loop characteristics were sys-
tematically analyzed4. *e evolution law of elastic-plastic
deformation caused by normal and shear stress coupling is
studied experimentally
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Due to the unique hydrothermal environments, the frost heave failure of the concrete lining of water conveyance canals in cold
regions is still frequent. .e deformation of lining after frost heaving and the stress distribution calculated by the mechanical
model can be the reference for the lining design. However, previous research mainly focused on the mechanical model of the
cross-section while having little attention for the longitudinal nonuniform frost heave damage. In this study, a mechanical model
of the bottom lining under the nonuniform frost heave deformation is built based on the Euler–Bernoulli beam and the Pasternak
foundation model, and the analytical solution of the model is obtained. .e internal stress of the lining is analyzed during the
changes of subgrade coefficient, shear rigidity, transition section length, and frost heave amount inside the model. Also, the
calculation process is proved to be correct. .e result shows that dangerous cross-sections are at the start and the end of the
transition sections. .e maximum normal stress and the tangential stress increase when the subgrade coefficient and the frost
heave amount increase and the shear modulus and transition section length decrease..e frost heave amount in the frozen ground
subgrade increases constantly, while the temperature decreases, but at the same time, the shear rigidity of the subgrade increases
with it..e former increases the stress of lining, and the latter decreases it..erefore, during the frost heaving process, the internal
force of lining is coupled with these two elements. By analyzing a water conveyance canal lining under the nonuniform frost heave
in the Xinjiang Tarim irrigation district, themaximumnormal stress of the dangerous lining cross-section is greater than its tensile
strength when the transition section length smaller than 7m at the frost heave amount is 0.031m.

1. Introduction

.e area where the surface temperature is continuously lower
than 0°C throughout the year or the coldest season is called the
frozen ground, and about 50% of the land area on the earth
belongs to the frozen ground [1]. In the process of soil freezing,
the volume of pore water after freezing will increase by 9% to
cause frost heave. Simultaneously, the water in the unfrozen
soil migrates to the freezing edge due to the temperature
gradient and form segregated ice, which will also cause frost
heave [2]..erefore, engineering structures in the cold regions
often suffer from the effects of frost heave damage.

In China, about 52% of the land is in the frozen ground,
such as the Xinjiang Uygur Autonomous Region. It is in the

arid area of the middle-temperature zone and cold and arid
in winter, and a large scale of the area is covered with
seasonally frozen soil [3]. .e days when the maximum
temperature is below 0°C can be up to 130 days, and the
temperature difference between day and night is great. Due
to scarce precipitation and extremely uneven distribution of
the water resources, many reservoirs and long-distance
conveyance canals have been built to meet factory and mine
production, urban life, and farmland irrigation. More than
90% of farmland irrigation water depends on the supply of
conveyance canals [4, 5]. .erefore, the secure operation of
these reservoirs and long-distance conveyance canals is
critical to the production and life of the people in these
regions.
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To reduce leakage, the water conveyance canals are
usually paved with concrete lining on the slope and bottom
of the canals, which significantly improves the water utili-
zation efficiency of the canal system [6, 7]. However, in the
years of the operation process, due to repeated freezing and
thawing, hydraulic scouring, and other external loads effects,
it is inevitable that the lining and joints will rupture and
cause leakage. Leakage during the water delivery period can
cause loss of foundation soil, the collapse of canal slopes, and
instability of lining. During the water outage period in
winter, the water content of the base soil is generally higher
due to the previous leakage, and the subzero temperature
conditions and the higher fine-grained soil content in the
base soil of the canal make the canal foundation have suf-
ficient conditions for frost heave to occur. Also, the tem-
perature in the seasonally frozen soil area drops slowly, the
freezing rate is relatively low, and the water has sufficient
time to migrate to the soil near the lining, which causes a
significant frost heave effect [8]. .e frost heave of the canal
foundation soil in some areas can reach 15 cm [9]. Due to the
mutual restraint between the slope lining and the floor lining
and the upper berm, the frost heave deformation cannot be
released, the resulting frost heave force causes the lining to
break in extreme cases, further aggravating the leakage of the
canal during the water delivery period..is repeated process
leads the water conveyance canal to be in a vicious circu-
lation of “frost heave, lining damage, leakage, and more
severe frost heave.”

Many water conservancy projects were built in 1950s and
1960s and were limited by the low construction technology
level and conditions at that time; most of the canal foun-
dations used local soil materials containing a large number
of fine particles during the construction process and then
laying concrete lining slabs in the reservoir and large canal in
order to prevent leakage. At the same time, small branch
canals were rarely lined. Due to insufficient understanding of
the frost heaving problem at that time and the long-term
hydraulic erosion and repeated freeze-thaw effects in the
later operation process, these projects are still frequently
having damage issues, one of which is the frost heaving
failure on the lining plate of the concrete lining canal. For
example, Xiao et al. [10] found a serious frost heaving issue
in the water conveyance canals lining in the Tarim irrigation
district in Xinjiang, especially rigid lining canals. Qin et al.
[4] found that the concrete slabs of reservoirs in Xinjiang
were prone to cracks near the water level in winter under the
effect of frost heave force and ice pressure. Sun et al. [11]
found that there were also serious issues of freezing damage
to lining panels in reservoirs and water conveyance canals in
Heilongjiang Province. Tian’s et al. research [12] shows that
the primary cause of the horizontal damage on the concrete
lining of the drainage canal of the Qinghai-Tibet Railway
subgrade is the horizontal frost heave force, and the main
cause of the longitudinal damage is the uneven frost heave
displacement. In some other cold region’s water conservancy
projects, there are also lining damage caused by the frost
heave effect [13–15].

To avoid the abovementioned problems, engineers used
soil replacement, laying thermal insulation, and other

measures to reduce frost heave damage effectively [7, 16].
However, many early built canals could not be rebuilt, and
the problem of frost damage still occurs frequently.
.erefore, many scholars have conducted numerous theo-
retical calculations and experimental studies on the frost
heave failure mechanism of the concrete lining in frozen soil
areas, which provide scientific references for the repair and
treatment of canals with severe frost damage. Li et al. [17]
and Li et al. [18] conducted a numerical simulation of the
frost heave failure mechanism of the lining canals. However,
there were many influencing factors to be considered in the
simulation process, and the calculation process was com-
plicated and cumbersome, which was very inconvenient in
the application of engineering practice. .erefore, it is still
necessary to analyze the force characteristics and failure
mechanism of the lining under frost heave effects through
simple and convenient theoretical calculation methods.
Wang [19] investigated the lining damage of the canals in the
cold regions and found that frost heave deformation was the
main cause of the lining fracture. By a mechanical model, the
lining slab was simplified into a simply supported beam..e
force analysis of the concrete lining with different cross-
section shapes under the simultaneous actions of frost
heaving force, and freezing force was carried out using the
material mechanics method. .e calculation results were
consistent with the field test. .e failure position of the
lining slope and the maximum stress cross-section were at 1/
3 from the bottom of the canal, and the maximum normal
stress of the bottom lining was in the middle position. Since
then, many scholars have used this model to analyze the
force and deformation characteristics of the lining under
frost heave in different conditions [20, 21]. However, the
above method did not consider the deformation coordi-
native of the lining and the base soil deformation during
frost heave. To overcome this defect, researchers calculated
the force characteristics of the lining under frost heave ef-
fects based on the Winkler elastic foundation beam theory
and constructed a judgment criterion for lining frost heave
failure. .e calculation results were consistent with the on-
site monitoring data [10, 22].

However, the abovementioned models are based on the
deformation characteristics of the cross-section of the canals
and studying the failure characteristics of the lining cross-
sections. Due to differences in the geological conditions of
the water conveyance canals subgrade in the longitudinal
direction of the canal line, there will inevitably be uneven
frost heave deformation along the longitudinal direction,
and lining damage will also be caused under extreme
conditions. .ere are few reports on the model and analysis
of the longitudinal deformation and force characteristics of
the lining under frost heave effects. .is study takes the
longitudinal deformation of the water conveyance canal
lining in the cold region under the action of nonuniform
frost heave as the research object, based on the Pasternak
model to establish the mechanical model of the bottom
lining and calculates the key parameters in the model.
Combined with a typical engineering case, the longitudinal
deformation and stress characteristics of the bottom lining
are calculated and analyzed.
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2. Model and Methods

Due to the differences in geology and construction condi-
tions and the effects of long-term leakage and freeze-thaw
cycles, the amount of frost heave at different locations in the
longitudinal direction of the lining will be different, leading
to the bending deformation of the lining. Because the slope
lining is laid inclined vertically, the bending stiffness is
relatively larger in the vertical direction, and it is not prone
to cause damage in the longitudinal direction. .e bottom
lining is laid horizontally, and the bending stiffness is small
in the vertical direction. Under the effect of nonuniform
frost heave deformation, the cross-sectional stress is prone to
be too large and leading to damage. .erefore, a mechanical
model is established for the bottom lining. Figure 1 is a
schematic diagram of the nonuniform frost heave defor-
mation of the bottom lining. .e x-direction is the longi-
tudinal direction of the canal (canal line direction), and the
y-direction is the vertical direction. Assuming that the AO
section is the no-frost heave section, the BC section is a frost
heave section, and its maximum frost heave deformation
amount isΔ; the OB section is a frost heave transition section
with a length of l. .e coordinate system is established as
shown in Figure 1; then, the deformation of the entire lining
in the y-direction can be expressed by formula (1).

y0 �

0, x< 0,

Δ
l

x, l>x> 0,

Δ, x> l.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

2.1. BasicAssumptions andConventions. Due to the complex
physical-mechanical properties of frozen soil and various
external factors, the stress and strain of frozen soil are
showing obvious characteristics of nonlinear, irreversible,
and time-varying [22–24]. It must be a tedious work to solve
the interaction between frozen soil and structure by con-
sidering all the influencing factors. To obtain meaningful
data for practical engineering problems, combining the
existing research and engineering practice experience, the
following assumptions and agreements are made [10, 19, 22].

(1) Only consider the vertical deformation of the bottom
lining caused by nonuniform frost heave in the
longitudinal direction, ignore the influence of the
axial force of the bottom lining, and the friction
resistance between the bottom lining and the
foundation soil on the longitudinal deformation, and
simplify the mechanical analysis model as a plane
strain problem.

(2) During the frost heave, the deformation of the lining
and the foundation soil is in a coordinated and
balanced state, and the process of failure of the lining
is considered a quasistatic process..e stress analysis
only considers the limit state at the maximum frost
heave amount.

(3) .e canal foundation is regarded as the elastic
foundation obeying the Pasternak model, and the
lining is regarded as the Euler–Bernoulli beam. .e
final deformation of the bottom lining is the de-
formation amount under restrictions such as slope
lining, lining’s weight, and so on.

(4) .e deformation of the foundation soil only con-
siders the range of frost penetration

2.2. Frozen Soil-Lining Interaction Model. .e elastic foun-
dation beammodel can better reflect the interaction between
the structure and soil. .e Winkler model assumes that the
surface displacement at each point of the soil medium is
proportional to the stress acting at that point [25]. However,
the mechanical activation behavior of the soil in the model is
completely discontinuous, and the soil is completely irrel-
evant to the stresses or displacements of other points, even
the nearest ones on the interface of the foundation, which is
contrary to the actual mechanical activation behavior of the
soil. To overcome the abovementioned defects, the two-
parameter model introduces mutual mechanical action
between the spring elements of the Winkler model to
eliminate its discontinuous behavior [26]. Among many
two-parameter models, the soil behavior model proposed by
Pasternak assumes that there is a shearing interaction be-
tween the spring elements, and this shearing interaction is
achieved by connecting the spring elements to a layer of
vertical elements which can only produce lateral shearing
deformation but not compressible [27]. During the freezing
process of the soil mass, the elastic modulus and shear
strength increase with the decrease of temperature [28].
Moreover, during the deformation of the superstructure, the
foundation must bear a certain amount of shearing force.
.erefore, the Pasternak model corresponds with the actual
engineering situation of the mechanical properties of the
frozen soil than the Winkler model.

Consider the bottom lining as an Euler–Bernoulli
infinite long beam, which adopts the Pasternak model to the
frozen ground, and the differential equation of displacement
under plane strain conditions is [26, 27]

EIy(4)
− Gby

(2)
+ kby � q0, (2)

where b is the effective width, G is the shear stiffness of the
elastic layer, k is the foundation coefficient, E is the elastic

Bottom
lining

Maximum frost 
heave deformation

No-frost heave
position

A
O x

y

B C

Figure 1: Schematic diagram of nonuniform frost heave defor-
mation of bottom lining.
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modulus of the beam, I is the moment of inertia of the beam,
and q0 is the normal load acting on the beam. According to
assumption (6), the normal load acting on the lining is
balanced with part of the foundation counterforce. Only the
deformation of the lining caused by frost heave is consid-
ered. .erefore, equation (2) can be transformed into a
homogeneous type for the solution.

Let β �
������
kb/4EI

4
√

, c �
����
k/G

√
, and ρ � (β/c)2 �

G/
�����
kEI/b

√
. .en, the homogeneous differential equation

corresponding to equation (2) becomes

y
(4)

− 4β2ρy
(2)

+ 4β4y � 0. (3)

2.3. Model Solution. .e solutions of equation (3) can be
divided into three cases, which are ρ> 1, ρ� 1, and ρ< 1. .e
condition of ρ< 1 satisfies most projects, which is also
proved in the following parameter analysis and calculation
of engineering examples [26]. Considering the boundary
condition (1), the solution of the differential equation (3) can
be expressed [28–30]. In the AO section, the frost heave
deformation is 0, and the solution of equation (3) is

y1 � A1e
−φ1x

+ A2e
φ1x

( cos φ2x

+ A3e
−φ1x

+ A4e
φ1x

( sin φ2x.
(4a)

In the BC section, the frost heave deformation is Δ, and
the solution of equation (3) is

y3 � A1e
−φ1x

+ A2e
φ1x

( cos φ2x

+ A3e
−φ1x

+ A4e
φ1x

( sin φ2x + Δ.
(4b)

.e OB section is the transition section, the frost heave
amount is (Δ/l)x, and the solution of equation (3) is

y2 � A5e
−φ1x

+ A6e
φ1x

( cos φ2x

+ A7e
−φ1x

+ A8e
φ1x

( sin φ2x +
Δ
l

x.

(4c)

.e above three equations (4a)–(4c) should meet the
following boundary conditions:

When x⟶∞, then y3 � Δ
When x⟶ −∞, then y1 � 0

Substituting the boundary conditions into equations
(4a)–(4c), the following equation can be obtained.

y1 � A2e
φ1x cos φ2x + A4e

φ1x sin φ2x, (5a)

y3 � A1e
−φ1x cos φ2x + A3e

−φ1x sin φ2x + Δ, (5b)

y2 � A5e
−φ1x

+ A6e
φ1x

( cos φ2x

+ A7e
−φ1x

+ A8e
φ1x

( sin φ2x +
Δ
l

x.
(5c)

.ere are still eight unknown coefficients in equations
(5a)–(5c). .us, the continuity conditions of the points O
and B should also be satisfied.

When x � 0, y1 � y2, y1′ � y2′ , y1″ � y2″, y′′
′
1 � y′′

′
2

When x � l, y2 � y3, y2′ � y3′, y2″ � y3″, y′′
′
2 � y′′

′
3

After substituting the above 8 continuity conditions into
equations (5a)–(5c), simultaneously, the equations to obtain
the equation coefficients A1∼A8 are as follows:

A1 �
Δeφ1l 3φ2

1φ2e
−φ1l

− φ3
2e

−φ1l
+ φ3

1 sin φ2l + φ3
2 cos φ2l − 3φ2

1φ2 cos φ2l − 3φ1φ
2
2 sin φ2l  

4lφ1φ2 φ2
1 + φ2

2  
, (6a)

A2 �
Δe−φ1l 3φ2

1φ2e
φ1l

− φ3
2e

φ1l
− φ3

1 sin φ2l + φ3
2 cos φ2l − 3φ2

1φ2 cos φ2l + 3φ1φ
2
2 sin φ2l  

4lφ1φ2 φ2
1 + φ2

2  
, (6b)

A3 �
Δeφ1l

−3φ1φ
2
2e

−φ1l
+ φ3

1e
−φ1l

− φ3
1 cos φ2l + φ3

2 sin φ2l + 3φ1φ
2
2 cos φ2l − 3φ2

1φ2 sin φ2l  

4lφ1φ2 φ2
1 + φ2

2  
, (6c)

A4 �
Δe−φ1l 3φ1φ

2
2e

φ1l
− φ3

1e
φ1l

+ φ3
1 cos φ2l + φ3

2 sin φ2l − 3φ1φ
2
2 cos φ2l − 3φ2

1φ2 sin φ2l  

4lφ1φ2 φ2
1 + φ2

2  
, (6d)

A5 �
Δ 3φ2

1 − φ2
2  

4lφ1 φ2
1 + φ2

2  
, (6e)

A6 �
Δe−φ1l

−φ3
1 sin φ2l + φ3

2 cos φ2l + 3φ1φ
2
2 sin φ2l − 3φ2

1φ2 cos φ2l  

4lφ1φ2 φ2
1 + φ2

2  
, (6f)
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A7 �
Δ φ2

1 − 3φ2
2  

4lφ2 φ2
1 + φ2

2  
, (6g)

A8 �
Δe−φ1l φ3

1 cos φ2l + φ3
2 sin φ2l − 3φ1φ

2
2 cos φ2l − 3φ2

1φ2 sin φ2l  

4lφ1φ2 φ2
1 + φ2

2  
. (6h)

After obtaining the solution of the differential equation
(3) of the bottom lining, the rotation angle (θ), bending
moment (M), and shearing force (Q) of the lining can be
calculated.

θ � y′, (7)

M � −EIy″, (8)

Q � Qc + Qs � −EIy″′ + Gby′. (9)

In equation (9), the first term of shear force is the
shearing force of the lining slab, and the second one is the
shearing force of the elastic foundation.

2.4. Model Parameters

2.4.1. Foundation Coefficient k. Generally, the foundation
coefficients can be obtained through experiments or cal-
culating the mechanical parameters of the foundation soil
[25]. However, the interaction between the frozen soil
ground and the lining is that the displacement of the surface
of the foundation occurs with the frost heave. However, due
to the external constraints, part of the frost heave dis-
placement is restricted, resulting in frost heave force on the
structures. .erefore, the relationship between frost heave
force and frost heave displacement can be regarded as the
relationship between the pressure on the foundation surface
and the displacement at that point. Xiao et al. [10] calculated
the lateral deformation of the canal lining and obtained the
foundation coefficient considering the interaction process
between the lining and the foundation during the frost heave
deformation process which can be expressed as

k �
Ef

Hf

, (10)

where Ef is the elastic modulus of frozen soil, and Hf is the
depth of frozen penetration.

.is is the same as the foundation coefficient calculation
method of Kanie et al. [28] in calculating the nonuniform
frost heave of oil pipelines in the frozen soil layer.

In the usual melted soil foundation, Tanahashi [26]
simplified Vesic’s formula and recommended to calculate
the foundation coefficient under the condition of one-di-
mensional plane strain by the following formula:

k′ �
(1 − μ)Ef

(1 + μ)(1 − 2μ)H
. (11)

When taking the Poisson ratio μ� 0.2, 0.25, 0.3, and 0.35,
the ratio k′/k calculated by equations (10) and (11) is shown
in Figure 2. H is the depth of an elastic layer. It can be seen
that the ratio of the foundation coefficient obtained by the
two calculation methods approaches one as the Poisson ratio
decreases. .e Poisson ratio of the frozen soil decreases as
the temperature decreases [23], indicating that the frozen
soil coefficient calculation method obtained in this study is
in accordance with the engineering reality.

2.4.2. Foundation Shear Stiffness G. .ere are many
methods to determine the shear stiffness (G) of the foun-
dation, but the results are different. For example, Tanahashi
[26], Song et al. [31], and Li [32] used the following formula
to calculate the shear stiffness of the foundation:

G �
Eft

6(1 + μ)
, (12)

where t is the thickness of the shear layer.
It can be seen that with the difference in the thickness of

the shear layer, the variation range of the foundation shear
stiffness is very large. In actual engineering, the thickness of
the shear layer is related to various factors such as soil
physical properties, beam properties and dimensions, ex-
ternal load characteristics, and so on. .erefore, a constant
foundation shear stiffness is unable to be selected [33]. To
facilitate calculation and analysis, Ma et al. [34] determined
simply the relationship between the foundation stiffness
coefficient and the foundation coefficient by the following
formula:

R �
G

k
. (13)

When R is 0, the model degenerates into a Winkler
elastic foundation beam model.

3. Parameters Analysis

It can be seen from equations (2) and (3) that the internal
force of the lining is affected by the foundation coefficient k,
the shear modulusG (R), the transition length l, and the frost
heave displacement Δ. .is section will analyze and discuss
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the internal force of the lining under the effects of the
abovementioned parameters.

3.1. Effects of Foundation Coefficient k. It can be seen from
formula (10) that when considering the interaction between
frost heave deformation and frost heave force of the bottom
lining, the foundation coefficient is related to the elastic
modulus and the depth of frozen penetration. In the fol-
lowing parameter analysis, the typical frozen depth in Xin-
jiang, China, can be selected as 2m [35]. .e elastic modulus
of the frozen soil layer is closely related to the physical
properties, moisture content, and temperature of the soil mass
[23]. Because the coarse-grained soil is frost heaving insen-
sitive soil, the main cause of frost heaving deformation is silty
clay. According to the data of Wang et al. [36] and the water
transferring project from the Irtysh River to Urumqi, the
selected foundation coefficients are 2.5×103, 13.8×103,
33×103, 45×103, and 58×103 kN·m−3 for analysis. Other
relevant parameters are EI� Ebh3·12−1� 58666 kN·m2,
b� 4m, h� 0.2m, E� 2.2×106 kPa, R� 1, l� 10m, and
Δ� 0.02m. .e maximum normal stress on the cross-section
is calculated by σmax � Mymax/I, and the maximum shear
stress on the cross-section of the lining slab is calculated by
τmax � 3Qs/2A. .e calculation results are shown in
Figures 3–5.

Figure 3 shows the distribution of lining deflection and
rotation angle along the longitudinal direction for different
foundation coefficients. It can be seen from Figure 3(a) that
the deflection of the lining completely coincides when
foundation coefficients are different. At the beginning (x� 0)
and endpoint (x� 10) of the transition section, the deflection
did not suddenly become 0 but smoothly transitioned to 0.
.e deflection in the frost heave section is 0.02m consistent
with the set boundary conditions. It can be seen from
Figure 3(b) that the foundation coefficient has a certain effect
on the rotation angle of the beam. With the increase of the
foundation coefficient, the changing trend of the rotation
angle is more intense. At the midpoint of the transitional

section (x� 5), the rotation angle is 0. At the same time,
Figure 3 shows that the deflection and rotation angle of the
lining are in line with the actual engineering experience, and
the calculation method and process in the previous section
are verified to be correct.

Figure 4 shows the distribution laws of the maximum
normal stress and the maximum shear stress of the lining
slab along the longitudinal direction at different foundation
coefficients. From the figure, the dangerous points where the
maximum stress is located is at the beginning and the
endpoint of the transition. With different foundation co-
efficients, the maximum normal stress and maximum shear
stress at the attachment of the dangerous points change
intensely, and the change at other positions is relatively slow.

Figure 5 shows the variation law of the maximum
normal stress and maximum shear stress of the dangerous
section of the bottom lining with the changing foundation
coefficient. It can be seen that as the foundation coefficient
increases, the maximum normal stress and the maximum
shear stress increase nonlinearly, and the growth rate
gradually decreases, satisfying the power function
relationship.

3.2. Effects of Shear Stiffness G. .e change in shear stiffness
reflects the interaction between the spring elements of the
soil mass. At the same time, it can reflect the continuity of
foundation deformation to a certain extent [25]. According
to formula (13), the change in shear stiffness can be
expressed by the coefficient R. In this section, R� 1, 0.8, 0.5,
0.01, and 0 are used for analysis. When R is 0, the model
degenerates into the Winkler model. Other parameters are
k� 33000 kN·m−3, l� 10m, and Δ� 0.02m. Figure 6 shows
the distribution situation of deflection and rotation angle of
the bottom lining at different values of R. It can be seen that
as the R decreases, the maximum normal stress and shear
stress at the beginning and endpoint of the transition section
increase because the load on the shear layer decreases lead to
the lining bears more load.

Figure 7 shows the variation law of maximum normal
stress and shear stress of dangerous section of bottom lining
with different R values. It can be seen that as the R value
increases, the two stresses significantly decrease, the maxi-
mum normal stress decreases by 24.4%, and the maximum
shear stress decreases by 37.2%, indicating that the shear
resistance of frozen soil ground has a significant impact on
the stress distribution characteristics of the lining. .e frost
heave amount increases continuously while the temperature
decreases, while the shear stiffness of the foundation will also
increase with it. .e former increases the lining stress, while
the latter reduces the lining stress, so the internal force of the
lining changes couple mutually with them during the frost
heave process.

3.3. Effects of Different Transition Length l. Due to the dif-
ferences in geological conditions including water, heat, and
load during construction and operation, the frost heave
characteristics of the canal foundation soil at different po-
sitions in the longitudinal direction are different, causing the
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μ
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1.0
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/k
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Figure 2: Values of k′/k for different Poisson ratios.
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transition section length to change. In this section, the
transition section length is 5, 10, 15, and 20m for analysis.
Other parameters are k� 33000 kN·m−3, R� 1, and
Δ� 0.02m.

Figure 8 shows the distribution law of the maximum
normal stress and the maximum shear stress of the bottom
lining cross-section at different transition lengths. It can be
seen that as the transition section length increases, the
maximum normal stress and shear stress of the dangerous
section decrease, which is in line with the actual engineering
situation.

Figure 9 shows the effect of different transition section
lengths on the maximum normal stress and shear stress of
the dangerous section. It can be seen that as the transition
section length increases, the maximum stress and shear
stress decrease significantly and change nonlinearly.

3.4. Effects of Different Frost Heave Amount Δ. .e canals in
the cold regions will inevitably face the frost heaving issues.
Different soil properties, temperature, and moisture con-
ditions cause different frost heave amounts. It is pointed out
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Figure 3: Effects of different foundation coefficients on the distribution of lining deflection (a) and rotation angle (b).
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Figure 4: Distribution law of maximum normal stress (a) and maximum shear stress (b) of bottom lining under different
foundation coefficients.
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in the standard designing specification for antifrost heaving
of the canal project that the concrete lining can be allowed to
generate a certain amount of frost heave displacement
during the canal construction, and the purpose of reducing
frost heave force and costs has achieved [37]. However, in
the actual construction and operation process, due to the
inevitable leakage and possible external water supply, the
frost heave of the foundation soil of the canal may exceed the
allowed design value, causing damage to the lining. In this
section, 0.01, 0.02, 0.04, 0.06, and 0.08m of frost heave

amounts are selected for analysis. Other parameters are
k� 33000 kN·m−3, R� 1, and l� 20m.

Figure 10 shows the maximum normal stress and shear
stress of the lining cross-section under different frost heave
amounts. It can be seen that the frost heave amount has a
significant effect on the stress of the dangerous section.

Figure 11 shows the effect of different frost heave
amounts on the maximum normal stress and shear stress of
the dangerous section. It can be seen that the maximum
normal stress and shear stress increase linearly with the
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Figure 6: Distribution situation of maximum normal stress (a) and maximum shear stress (b) of bottom lining at different R values.
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Figure 5: Variation law of maximum normal stress (a) and maximum shear stress (b) of the dangerous section with the changing
foundation coefficients.
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increase of frost heave amount. When the frost heave
amount is 0, the maximum stress is also 0.

4. Engineering Case

In the Tarim irrigation district of Xinjiang, more than
2355 km of canals have been constructed. Due to the
abundant surface water and relatively shallow embedment
depth, the canal lining has severe frost heave failure [10]..e
typical cast-in-place canal lining is concrete lining (C15),

with a slab thickness of 0.08m and a bottom width of 2m.
.e minimum temperature of the frozen soil layer on the
slope and the canal’s bottom in winter is −14.7°C and −9.4°C,
respectively. .e elastic modulus of the frozen soil layer
takes the value of the minimum temperature in winter,
which is safe, and the frozen depth of the canal is about 1m.
According to site observations, the maximum frost heave
displacement at the bottom canal is 0.022m. However, as the
groundwater level changes, the maximum frost heave dis-
placement may increase. According to estimates, when the
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Figure 8: Distribution law of maximum normal stress (a) and maximum shear stress (b) of the cross-section at different transition
section lengths.
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groundwater level is 3.0, 3.5, 4.0, 4.5, and 5.0m, the max-
imum frost heave amounts are 0.031, 0.022, 0.015, 0.01, and
0.005m, respectively [10].

Xiao et al. [10, 38] monitored and calculated the hori-
zontal deformation of the lining, but the longitudinal de-
formation caused by nonuniform frost heave has not been
studied. .erefore, the longitudinal deformation is analyzed
according to the calculation method in this study. .e se-
lected parameters are E� 2.2×104MPa, Ef � 2.35MPa,
k� 2.35MPa·m−1, R� 1, G� 2.35MPa·m, EI� 1.877MPa,
and l� 10m.

Figure 12 shows the effect of different frost heave
amounts on the maximum normal stress and shear stress of
the dangerous section of the lining. It can be seen that with
the increase of frost heave amounts, the maximum normal
stress and shear stress of the dangerous section increase
linearly, and the growth speed at the transition section of 5m
is greater than that at the transition section of 10m. .e
maximum tensile stress of C15 concrete lining is
1.27×103 kPa [39], and the designing tensile stress is
0.91× 103 kPa. .erefore, when the transition section is 5m
and the frost heave amount reach 0.022m, the lining is about
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Figure 10: Distribution law of maximum normal stress and maximum shear stress of the lining cross-section under different frost
heave amounts.

4 6 8 10 12 14 16 18 20 22
500

1000

1500

2000

2500

3000

3500

l (m)

σ m
ax

 (k
Pa

)

σmax = 14207 l –0.99

R2 = 1

Results
Fitting line

(a)

l (m)
4 6 8 10 12 14 16 18 20 22

10

20

30

40

50

60

70

80

τ m
ax

 (k
Pa

)

τmax = 402 l –1.1

R2 = 0.9994

Results
Fitting line

(b)

Figure 9: Effects of different transition lengths on the maximum normal stress (a) and maximum shear stress (b) of the dangerous section.
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to at the limit state, which is close to the maximum allowable
frost heave amount for designing specification. When the
transition section is 10m and the frost heave amount reach
0.043m, the lining is at the limit state, which is greater than
the maximum allowable frost heave amount for designing
specification. .e maximum shear stress of the cross-section
is far less than the ultimate shear strength and is in a safe
state.

Figure 13 shows the effect of different transition lengths
on the maximum normal stress and shear stress of the
dangerous section when the frost heave amount Δ� 0.031m.
It can be seen that as the transition section length increases,
the maximum normal stress and shear stress decrease sig-
nificantly. When the transition section length is 7m, the
maximum normal stress is lower than the ultimate tensile
stress of the lining. When the transition section length is
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Figure 12: Effects of different frost heave amounts on the maximum normal stress (a) and maximum shear stress (b) of the
dangerous section.
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Figure 11: Effects of different frost heave amounts on maximum normal stress (a) and maximum shear stress (b).
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9.8m, the maximum normal stress is lower than the de-
signing tensile stress of the lining. .erefore, it is recom-
mended to design expansion joints with a longitudinal
separation of at least 7m in the canal design process to
relieve the internal stress of the lining.

5. Conclusion

To analyze the longitudinal mechanical characteristics of the
canal lining in the cold regions under nonuniform frost
heave, based on the Pasternak elastic foundation beam
model, the longitudinal deformation model of the bottom
lining is established. .e changing law of the maximum
tensile stress and shear stress in the lining are analyzed when
the key parameters k, G, L, and Δ change in the model.
Finally, in conjunction with engineering example, the effects
of frost heave amounts and transition section lengths on the
safety of a typical canal lining in the Tarim irrigation area in
Xinjiang are analyzed. .e following conclusions are
obtained:

(1) Due to the low bending rigidity of the concrete
lining, the bottom lining along the longitudinal di-
rection is simplified. .e longitudinal lining is
regarded as a beam, and the force acting on the lining
is simplified. .e Pasternak elastic foundation beam
model of the bottom lining under the action of
longitudinal nonuniform frost heave is established,
and the analytical solution of the model is given.

(2) Calculate the influence of factors such as foundation
coefficient, foundation shear modulus, transition
section length, and frost heave amount on the in-
ternal force of the lining. .e dangerous section of
the lining is at the beginning and endpoint of the
transition section. .e maximum normal stress and

shear stress of the dangerous section increase as the
foundation coefficient and frost heave amount in-
crease and the shear modulus and transition section
length decrease.

(3) .e frost heave amount continuously increases while
the temperature of frozen soil foundation decreases,
but the shear stiffness of the foundation will also
increase with it. .e former increases the lining
stress, while the latter reduces it, so during the frost
heave process, the internal force of lining changes are
coupled with them.

(4) .rough the analysis of the longitudinal deformation
of the lining of a water delivery canal under non-
uniform frost heave action in the Tarim irrigation
district of Xinjiang, when the local maximum frost
heave amount is 0.031m and the transition section
length is less than 7m, the maximum normal stress
of the dangerous lining section is greater than its
maximum tensile strength. .us, it is recommended
to set expansion joints with a separation of at least
7m on the floor lining of this section of the channel.

Because it is relatively difficult to monitor the longitu-
dinal frost heave deformation of the lining, the calculation
results in this study cannot be verified by experimental data
at present. However, the comparison with the actual engi-
neering phenomenon shows that the analytical solution is
correct. In the follow-up work, on-site monitoring of lon-
gitudinal deformation and indoor model tests will be carried
out to further study the model.

Data Availability

.e data used to support the findings of this study are in-
cluded within the article.
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In this study, an experimental apparatus was developed to investigate unsaturated infiltration in an analog fracture-matrix system.
Fracture and adjacent matrix is simulated by sands with various particle sizes. Four rainfall infiltration experiments were
performed on the analog fracture-matrix system at a constant rainfall rate of 100mm/h. (e process of rainfall infiltration is
measured by a combination method of tensiometers and quick moisture apparatus. (e measured results reveal that fracture-
matrix interactions certainly exert influences on the hydraulic behaviour of unsaturated fractured matrix, and the fluid flow
mainly infiltrates along the nonuniform paths within the matrix. Moreover, it is observed that the influences are greater when
using a coarser sand to mimic the fracture. Specifically, the wetting phase in the matrix moves faster than that in the fracture; the
fracture, therefore, acts as a vertical capillary barrier, but there exists lateral water exchange from the matrix to the fracture.
Overall, this study has demonstrated the importance of fracture/matrix interactions, which should be considered when dealing
with unsaturated flow through permeable matrices.

1. Introduction

Unsaturated zone is widely distributed in geoformation, and
the fluid flow in unsaturated zone is different from that in the
saturated zone. Exploration of unsaturated fluid flow in
fractured rocks is of special interest to several fields, in-
cluding the disposal of nuclear waste [1–3] and subsurface
contaminant remediation [4–8].

(e experiment plays a fundamental role in under-
standing flow processes in unsaturated fractured rocks, and
it usually starts with the research on fluid flow through a
single fracture, which has attracted substantial attentions
since Lomize firstly introduced a conceptual model of using
parallel glass plates to fabric open fractures [9]. Henceforth,
a bunch of experiments have been carried out with re-
markable progresses achieved [5, 10–15]. Nicholl and Glass
developed an optical visualization technique to explore the
wetting phase flow through two-phase structures (water and
gas) in an analog rough-walled fracture [16]. (e experi-
mental scenario was analogous to single-phase flow through
fractures, where the gas phase was invariant under steady-

state conditions. (e measured relative permeability was
proportional to saturation (wetting phase) by third order.
Brown et al. studied fluid flow paths within a fracture plane
fabricated by assembling two transparent epoxy fracture
surfaces together [17]. (e measured fluid velocities were
found to range over several orders of magnitude, and the
maximum velocity was five times larger than the average
velocity, indicating that channeling flow in fractured media
could cause the fast breakthrough of contaminants. Su et al.
performed flow visualization experiments on a fracture
replica to study the liquid distribution and behaviour of
seepages [18]. It was observed that infiltrating water ad-
vanced in unsaturated fractures along highly localized,
nonuniform flow paths. Sun et al. developed an experimental
device to explore rainfall infiltration in an artificial fracture
[19]. (e obtained relationships of saturation to capillary
pressure and saturation to unsaturated hydraulic conduc-
tivity were both found to be nonlinear. Hu et al. developed
an experimental apparatus for the determination of the
unsaturated hydraulic properties of an analogous fracture
[20]. (ey reported that there exists hysteresis between
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drainage and imbibition processes. Qian et al. conducted
laboratory experiments to investigate fluid flow through a
single fracture with various surface roughnesses and aper-
tures [15]. An empirical exponential function was found to
fit well the relationship between the mean velocity and the
hydraulic gradient, and the fitting parameter for the ex-
ponential function was around 0.5 when hydraulic gradients
ranged from 0.003 to 0.02.

(e aforementioned experiments usually neglect frac-
ture/matrix interactions, but both field and laboratory tests
have addressed the significant influence of fracture/matrix
interactions on unsaturated seepage through fractured
media [21–23]. Salve et al. performed liquid-release tests in
highly fractured welded tuffs at Yucca Mountain. (ey
revealed that both fracture flows and faults-matrix inter-
actions play critical roles in the wetting-phase movement
within unsaturated fractured rocks [22]. Salve et al. carried
out field tests by releasing water directly into nonwelded
tuffs at Yucca Mountain [23]. (e field tests suggested when
the matrix and fault were dry, water injected into the fault
was mostly absorbed by the adjacent matrix. Moreover,
although the fault started to dry immediately after one in-
filtration event, the surrounding matrix would retain
moisture for a few months. Roels et al. further performed
moisture uptake experiments in a rough fracture fabricated
by two halves of a fractured brick [24]. (ey observed that
the wetting front in the fracture with aperture of 0.01mm fell
behind the wetting front in the matrix. Sakaki conducted
wetting experiments of a rock matrix adjacent to a single
vertical fracture to understand some of the fundamental
mechanisms controlling fracture-matrix interactions [25].
Results showed that the wetting front within the matrix was
approximately parallel to the fracture and propagated
mainly in the horizontal direction, indicating that water
absorption was predominantly one-dimensional orthogonal
to the vertical fracture. Rangel-German et al. developed a
two-dimensional micromodel to simulate moisture uptake
from fracture to surrounding matrix [26]. (e experimental
results showed that the water uptake rate was depended
critically on the water infiltration rate through fractures.
Huang et al. designed an experimental apparatus to inves-
tigate the transport of vertical flow in unsaturated fractured
sandstone [13]. It was observed that the fracture
enlengthened the time for the wetting phase to break
through the matrix, arising the accumulation of water in the
matrix around the inlet end of the fracture, which tended to
enhance the local flow in the matrix.

Even though substantial efforts have been made to
uncover the hydraulic behaviours of unsaturated flow
through the single fracture-matrix system [7, 27–30], there is
still a lack of laboratory experiments for the determination of
unsaturated hydraulic properties, including suction and
saturation, under fracture/matrix interactions. Here, we
followed the methods of Zhong et al. [31] to present an
experimental apparatus for assessing unsaturated fluid flow
through an analog fracture-matrix system. Sands with dif-
ferent particle-size ranges are used as an analog to simulate
the fracture and matrix, respectively. (e apparatus is ca-
pable of taking fracture/matrix interactions into

considerations; then, rainfall infiltration tests, aiming at
exploring the impact of fracture/matrix interactions on the
hydraulic behaviours of the unsaturated matrix and fracture,
are conducted.

2. Materials and Methods

It is usually difficult to install time domain reflectometry
(TDR) probes in rock mass to measure unsaturated hy-
draulic properties, and accuracy of the measurement is
sensitive to the contact between the probe and the rock.
Here, an experimental model is designed to use sand with
different particle sizes to mimic the fracture and the matrix,
respectively. (is is feasible with respect to the facts that
unsaturated seepage within the fracture and sand are both
under joint actions of capillary and gravity forces [32].
Table 1 summarizes physical properties of sand, which was
sieved into three grain size fractions: 0.315∼0.63, 0.63∼1.25,
and 1.25∼2.50mm, and it was classified into medium sand
(MS), coarse sand (CS), and very coarse sand (VS) according
to particle size ranges.

As illustrated in Figure 1, the experimental system con-
sists of a water supply tank, a sand tank, two stainless-steel
holders, and measuring devices. Figure 2 shows the detail
drawing of the water supply tank and the sand tank.(ewater
supply tank, with a length×width× height of
0.62m× 0.62m× 0.20m, stands on the high stainless steel
holder, and it has twenty-five needles (an inside diameter of
0.5mm) uniformly distributed at its bottom to generate
rainfall for the sand tank, which is situated at the low stainless
steel holder right below the water supply tank. (e water
supply tank has a spillway at its front wall to obtain stable
overflow. (e sand tank (0.42m in length, 0.42m in width,
and 0.6m in height) is made of transparent plexiglass to make
direct observation of the fluid flow processes possible. (e
sand tank has two layers along its height, noted as the upper
and lower layers. Both layers are partitioned into 3 zones,
named zone F, M1, and M2, respectively, by the glass sheet
(see Figures 1 and 2). Zone M1 and zone M2 of the upper
layer are packed with a finer sand of height 0.35m to mimic
“matrix.” Consequently, a vertical gap (30mm in thick) is
created in the middle, and a coarser sand is used to fill the gap
(Zone F) to form “fracture” [33]. (e aperture of fracture is
approximately estimated by multiplying the gap thickness by
coarse sand’s porosity [34]. (e lower layer is used to collect
the water drained from the sample. During the experiments,
the capillary pressure of the fractured matrix is measured by
nine tensiometers (TEN, TOP Instrument Co., Ltd.) dis-
tributed at various depths within the fracture and matrix,
while the saturation is monitored by quick moisture appa-
ratus (TZS-1K, TDR, TOP Instrument Co., Ltd.) through the
observation holes drilled at the backside of the sank tank.

Four experiments, indicated as experiments A, B, C, and
D, respectively, were carried out under an invariant rainfall
rate of 100mm/hr. (e top boundary of the sample could be
considered as a boundary of constant flux boundary con-
ditions (100mm/hr) under unsaturated flow, while four
sidewalls are subjected to zero-flow boundaries. Experi-
mental scenarios based on different combinations of sand
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Table 1: Physical properties of sand with various ranges of particle size.

Sand classification Particle size ranges (mm) Bulk density (g/cm3) Porosity Saturated conductivity (cm/s)
Medium sand (MS) 0.315∼0.63 1.99 0.25 2.1e− 3
Coarse sand (CS) 0.63∼1.25 1.72 0.35 3.5e− 3
Very coarse sand (VS) 1.25∼2.50 1.59 0.40 5.2e− 3
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Figure 1: Illustration of the experimental setup.
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Advances in Materials Science and Engineering 3



are displayed in Table 2. (e initial suction and saturation
are recorded using the tensiometer and quick moisture
apparatus located at various depths, respectively. Water is
delivered continuously to the water supply tank via a water
supply pipe during the experiment, and the constant rainfall
is obtained when water level keeps constant. (e real-time
capillary pressure and water saturation at different positions
are consistently monitored during the rainfall infiltration
within the fractured matrix. Effluent from the coarse- and
fine-grained sand were collected separately and measured.

3. Results and Discussion

Experiment A, B, and C, using MS with particle sizes in the
range of 0.315∼0.63 to represent the matrix, are performed
to assess the influence of fracture flow on the hydraulic
behaviour of the matrix. Figure 3 shows matrix suction-time
curves for tensiometers located at 1#, 4#, 2#, and 5#, and it is
obvious that fracture aperture has significant impacts on
hydraulic properties of matrix, since it takes fewer time for
matrix to get full saturated (suction drop to zero) as fracture

aperture becomes larger. (is might be caused by the joint
effects of capillary barrier of fracture and fracture/matrix
interactions. Specifically, it is easier for the rainfall to
penetrate the matrix with smaller pores compared to the
fracture with larger pores; besides, the rainfall falling on the
fracture tend to accumulate around the upper boundary of
the fracture induced by the capillary effect, and accumulated
water is absorbed by the matrix through both sides of the
fracture-matrix interface. Consequently, infiltrated rainfall
mainly travel through the fractured matrix along the vertical
paths within the matrix, while fracture acts as a barrier,
where accumulated water will flow to the matrix. (e
amount of water, flowing from fracture to surrounding
matrix, increases with an increase in fracture aperture, and
small portion of the water, driven by the hydraulic gradient
between fracture and matrix, will return to the fracture (see
inset A in Figure 4(a)).

Matrix suction is plotted against saturation in Figure 5.
(e evolution of matrix suction experiences two periods as
water advancing the matrix and fracture. It decreases
gradually at first before drops dramatically to zero.
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Figure 2: Annotated sketches of the experimental apparatus: (a) sectional view and (b) top view of the water supply tank; (c) top view and
(d) sectional view of the sand tank, unit (mm).
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Table 2: Experimental conditions showing different combinations of sand selected to mimic “Fracture” and “Matrix.”

Experiments Sand used to mimic “fracture” Fracture aperture/mm (gap thickness× sand porosity) Sand used to mimic “matrix”
A MS 7.5 MS
B CS 10.5 MS
C VS 12.0 MS
D CS 10.5 CS
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Figure 3: Evolution of matrix suction measured with tensiometers located at various depths of: (a) 1# (250mm depth); (b) 4# (250mm
depth); (c) 2# (150mm depth); (d) 5# (150mm depth).
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Figure 4: Vertical infiltration of water into an analog fracture-matrix system. A is the flow direction of the partial enlargement of main plot
at 70min.
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Figure 5: Continued.
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(e results of experiment B and D with CS to simulate
fracture are compared in Figure 6. Figure 6(a) describes
evolution of capillary pressure (suction) in fracture. At the

beginning of rainfall, both fracture and matrix are dry
with low saturation, so infiltrated rainfall tend to occupy
the matrix with smaller pores, leaving fracture with larger
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Figure 5: Relationships between matrix suction and saturation tensiometers located at different depths of (a) 1# (250mm depth), (b) 4#
(250mm depth), (c) 2# (150mm depth), and (d) 5# (150mm depth).
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Figure 6: Plot of the experimental results for tensiometers in the fracture: (a) suction versus time; (b) suction versus saturation.
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pores remain in dry. (is can result in a hydraulic con-
nection between fracture and adjacent matrix, fracture
start to absorb water from matrix because of hydraulic
gradient between them. (e matrix provides an extra
source of water for the fracture under this circumstance,
and it would be easier for water to move from a finer
matrix to the fracture. (e finer the matrix, the quicker the
suction in fracture drops to zero. Since both the fracture
and matrix are actually porous media (sand), the fracture’s
suction-saturation curves, as indicated in Figure 6(b), are
similar to those of the matrix.

(e wetting front evolution of the experiment C is dis-
played in Figure 4. It is observed that infiltrated water mainly
travels through unsaturated fracture-matrix system along
nonuniform, localized preferential flow paths. Inset A in Figure
4 is a close-up view of rainfall infiltration at 70min, and it can
also be concluded that flow primarily migrates downwards via
the matrix in the direction parallel to the fracture, and the
wetting phase within the matrix moves quicker than that in the
fracture, even though some portion of water is driven back to
fracture because of the hydraulic gradient between fracture and
matrix. (ose observations are similar with that observed in
[24].

4. Conclusions

(is paper presents a new experimental apparatus to
study unsaturated flow in fractured rock. Sands with
various ranges of particle sizes are chosen as analogous
materials to mimic fracture and matrix, respectively.
(en, rainfall experiments were performed on an analog
fracture-matrix system to evaluate unsaturated infiltra-
tion processes in both “fracture” and adjacent “matrix.” It
is observed that unsaturated flow primarily migrate
downwards via the matrix along nonuniform, localized
preferential flow paths, which is quite different from the
results from saturated flow, where the fracture is usually
considered as a major conduit. Moreover, the preferential
flow in the matrix will be enhanced since the fracture acts
as a capillary barrier, and this enhancement is greater by
using a coarser sand to simulate the fracture. Besides,
there also exists hydraulic connection between the
fracture and adjacent matrix, and fluid flow tends to
transport from the fracture to the matrix due to hydraulic
gradient between them, bringing in additional water
supply for the fracture along the direction transversal to
it. In general, it is suggested that hydraulic connection
between fracture and surrounding matrix should not be
ignored in unsaturated flow, especially when the matrix is
permeable.
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.e existing studies of the corrosion of reinforced concrete have mainly focused on the interface area and chemical ion erosion,
ignoring the specific service environment of the reinforced concrete. In this study, the effect of freeze-thaw damage was in-
vestigated via corrosion experiments under different freeze-thaw cycle conditions. Steel reinforcement corrosion mass, ultimate
pull-out force, corrosion rate, and bond slippage were chosen as characteristic parameters in the experiments, and scanning
electron microscopy (SEM) analysis was used to explain the mechanism of action of freeze-thaw damage on corrosion..e results
showed that, under identical corrosion conditions, the mass of steel reinforcement corrosion and corrosion rate increased by
39.6% and 39.7% when comparing 200 freeze-thaw cycles to 0 cycles, respectively. .e ultimate pull-out force and bond slippage
after 200 freeze-thaw cycles decreased by 73% and 31%, respectively, compared with 0 freeze-thaw cycles. In addition, SEM
analysis indicated that microstructure damage caused by freeze-thaw cycles accelerated the corrosion reaction and decreased
cementitious properties, leading to decreasing ultimate pull-out force and bond slippage..e effect of freeze-thaw cycles and steel
reinforcement corrosion on the macro mechanical properties of concrete is not a simple superposition.

1. Introduction

Steel reinforcement corrosion (SRC) is one of the main causes
of reinforced concrete damage, which is widely concerned in
civil engineering [1, 2]. SRC refers to the intrusion of external
acid substances and reaction with Ca(OH)2 under the action
of water and air, which results in the destruction of the steel
passivation film and the damage of reinforced concrete [3, 4].
Compared with other reinforced concrete structures, hy-
draulic concrete is more easily damaged because of its long-
term contact with reservoir water [5, 6], occurring in con-
crete-face slabs of rockfill dams, diversion tunnels, and
spillways [7]. In addition, the real service environment of
hydraulic concrete is more complex, which is not only af-
fected by SRC, but also freeze-thaw damage, chemical erosion,
dry-wet damage, and other functions that accelerate the
degradation of the hydraulic concrete [8, 9]. Especially in cold
regions, hydraulic concrete is highly susceptible to freeze-
thaw cycles due to seasonal variations of temperature and

nearly 100% of reinforced concrete structure in northeast
China suffers from local or large-area freeze-thaw damage
[10, 11]. Freeze-thaw damage and SRC of reinforced concrete
are common phenomena in cold regions.

Hydraulic concrete structures in contact with acidic
water are susceptible to the chemical erosion due to the
porousness of concrete [12]. .e chloride and sulfate ions
can transfer into pores and react with steel reinforcement
passivation film, leading to damage and corrosion of rein-
forced concrete [13, 14]. According to Powers’ classical
hydrostatic pressure theory [15], freeze-thaw cycles lead to
changes in the pore structure and ion transport properties of
concrete at the micro level, producing microcracks that may
accelerate ion transport and steel reinforcement corrosion
rate. In general, the SRC caused by freeze-thaw damage will
lead to the decrease of mechanical strength and the accel-
eration of corrosion rate in concrete structure [16, 17]. .us,
the corrosion damage of reinforced concrete in cold regions
is more complicated.
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In recent years, many studies focused on the effects of
freeze-thaw damage and corrosion on the properties of
reinforced concrete, including combined and alternate ac-
tions [18]. Ma et al. found that frost damage aggravates the
rate and degree of rebar corrosion under freeze-thaw en-
vironments [19]. Wang et al. [20] studied the coupled effects
of freeze-thaw cycling and chloride ions corrosion for steel
reinforcement in concrete and found the serious spalling
occurred with increasing freeze-thaw cycles. Berrocal et al.
[21] investigated the corrosion of steel bars embedded in
fibres reinforced concrete under chloride attack and found
the fibres can suppress crack width in concrete. Zhang et al.
[22] found the initial damage degree will accelerate the
degradation rate of strength in reinforced concrete by in-
vestigating the influence of the degree of damage on the
degradation of concrete under freeze-thaw cycles. For the
corrosion characteristic parameters of reinforced concrete
subjected to freeze-thaw cycles, Ji et al. [23] carried out
experiments on the bonding properties of reinforced con-
crete under 50 freeze-thaw cycles by means of central pull-
out tests and found the effect of freeze-thaw damage on bond
strength turns larger with the increase of the diameter of the
test steel bar. He et al. [24] conducted beam bond failure tests
to study the effect of freeze-thaw cycles and corrosion on
bonding and slip performance of concrete and discussed the
relationship between crack width and chloride ion erosion.
Liu et al. [25] investigated the bond behavior between the
RAC and the deformed steel bars after the freeze-thaw cycles
and found the bond strength gradually decreased as the
freeze-thaw cycles. Zhang et al. [26] studied the bonding
performance of concrete and its reinforcements under
freeze-thaw cycles and chloride ion corrosion. Besides, the
effect of freeze-thaw damage on SRC depends on the evo-
lution of microscopic properties in reinforced concrete. Sicat
et al. [27] investigated the real-time deformational behavior
of the interfacial transition zone (ITZ) in concrete during
freeze-thaw cycles and found the ITZ exhibited higher de-
formation than the matrix and aggregate due to its higher
porosity and weaker strength. Yao et al. [28] studied the
microcrack evolution process of concrete subjected to
freeze-thaw cycles and multisalt solution attack. Luo et al.
[29] investigated the effect of cyclic freeze-thaw on the shear
strength of new-old concrete interfaces.

All of the above research mainly focuses on bond
properties (bond strength and bond slippage) of concrete
and its steel reinforcement under different freeze-thaw cy-
cles. However, the assessment index cannot fully reflect the
effect of freeze-thaw damage on the steel reinforcement
corrosion and the corrosion mass, corrosion ratio, and rate
should be considered. Besides, the number of freeze-thaw
cycles may not be enough to explain the effect of higher
degree of freeze-thaw damage on SRC in reinforced con-
crete. .e selected sample points in the microscopic ex-
periment are limited, and the relationship between
macroscopic properties and microstructure is not clear
enough. In general, it is necessary to further study the effect
of freeze-thaw cycles on SRC from a micro level. Under-
standing the failure mechanism of reinforced concrete under
freeze-thaw cycles is also valuable for predicting concrete

durability and changing the corrosion resistance of rein-
forced concrete in cold regions.

In this paper, the effect of freeze-thaw cycles on cor-
rosion in reinforced concrete was investigated via steel re-
inforcement corrosion experiments. First, reinforced
concrete samples were made and exposed to different freeze-
thaw cycles. .e index changes of the quality of steel re-
inforcement, interfacial bond slippage, and ultimate pull-out
force were investigated by the central pull-out test. In ad-
dition, the mechanism of steel reinforcement corrosion and
material properties were analyzed via scanning electron
microscopy (SEM) of the concrete around the central point
of the steel reinforcement. .e experimental results are of
great theoretical value and practical significance for dura-
bility evaluation and structural improvement of concrete
structures during service life.

2. Materials and Experimental Procedure

To determine the influence of freeze-thaw cycles on the
corrosion of reinforced concrete, a series of orthogonal
experiments were designed with different freeze-thaw cycles
and corrosion times. First, the specimens were exposed to
different freeze-thaw cycles: D0 (no freeze-thaw cycle), D1
(50 freeze-thaw cycles), D2 (100 freeze-thaw cycles), D3 (150
freeze-thaw cycles), and D4 (200 freeze-thaw cycles). .en,
different electrochemical-accelerated steel-reinforcement
corrosion processes were performed on the specimens: X0
(no corrosion), X1 (5.85 d), X2 (15.6 d), and X3 (23.4 d), with
the corrosion times from X0 to X4 corresponding to 0%, 3%,
8%, and 12% of the theoretical corrosion ratio, respectively.

2.1. Materials and Specimen Preparation. Granite gravel
(size ranges of 5–20mm, 20–40mm), river sand (fineness
modulus of 2.4–2.7), PO42.5-type Portland cement, and
Class-I fly ash were used to make the specimens. Additives
were included, including a highly efficient naphthalene
water-reducing agent and an air-entraining agent, with the
mixture proportion of the concrete shown in Table 1. Test
specimens consisted of HRB335 screw-thread steel with a
diameter of 20mm and a length of 400mm embedded into
the center of concrete, with the length, width, and depth of
the concrete being 100mm, 100mm, and 200mm, re-
spectively. In addition, unbonded segments on both ends of
the specimens were obtained using PVC pipe, and the
annular space between the steel reinforcement and the PVC
tube was filled with polyurethane foam to avoid concrete
flowing into it during the casting procedure. Before casting
the specimen, the unbonded segments of steel reinforce-
ment were brushed with epoxy resin for anticorrosion
purposes. .e specimens were removed from their molds
after 72 h and stored for 90 d at 25°C and 98% relative
humidity. .e Chinese standards for steel (“Steel for the
Reinforcement of Concrete-Part 2: Hot Rolled Ribbed
Bars”) and design code for concrete-face rockfill dams
[30, 31] were referred to for specimen preparation. A
detailed size of the specimen is shown in Figure 1.
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2.2. Experimental Procedure. .e experimental procedure
included the freeze-thaw cycle process, accelerated corrosion
process, and measuring details. .e macroscopic parameters
of measurement included the mass of corrosion, corrosion
rate, pull-out force, and bond slippage. .e microscopic
parameters of measurement included scanning electron
microscopy (SEM) and porosity, which was obtained by the
water absorptionmethod [32]..e general testing procedure
is shown in Figure 2.

2.2.1. Freeze-�aw Cycles Process. .e specimens were
immersed in water for 4 d before the freeze-thaw tests were
carried out, which aimed to make the concrete in a water-
saturated state. .e freeze-thaw cycle tests were performed
with a freeze-thaw machine (type TR-TSDRSL) according to
Chinese code GB/T 50082-2009 [33]. In each freeze-thaw
cycle, the temperature of the control specimen decreased
from 8°C± 2°C to −17°C± 2°C and then increased back to
8°C± 2°C within 4 h. During the test, specimens were taken
out for inspection after 50 freeze-thaw cycles. After reaching
a predefined number of freeze-thaws (n� 0, 50, 100, 150, and
200), the specimens were removed from the machine. At the
same time, key parameters such as the ultimate pull-out
force and bond slippage were measured for comparison after
the accelerated corrosion experiment. Finally, the steel re-
inforcement corrosion tests, central pull-out tests, and SEM
tests were carried out.

2.2.2. Accelerated Corrosion Process. Accelerated corrosion
tests were carried out similarly to the freeze-thaw cycle tests.
.e specimens were dried in a ventilated oven at a tem-
perature of 50° C until they reached constant weight for
calculating the extent of the steel reinforcement corrosion.
In general, electrochemical-accelerated-corrosion speeds up
the chloride ions corrosion process and ensures accuracy for
the test results [34]. To eliminate the influence of humidity
on concrete resistance and chloride ions transporting rates,
this test adopted the full immersion method [35]. .e
specimens were kept in an aqueous salt solution containing
5% NaCl to start the accelerated steel reinforcement cor-
rosion test. .e anode of a direct current (DC) regulated

power supply was connected to the steel, while the cathode
was connected to a copper sheet immersed in NaCl solution
in parallel mode. .rough the electrolysis reaction, the
anode electron loss led the steel surface to generate Fe2+,
which reacted with water in the solution to generate rust..e
50mA was applied to accelerate the corrosion process; the
total corrosion time was 5.85 d (3% theoretical corrosion
ratio), 15.6 d (8% theoretical corrosion ratio), and 23.4 d
(12% theoretical corrosion ratio), respectively.

2.2.3. Measuring Details. To investigate the effect of freeze-
thaw and corrosion on bond behavior, the bond strength and
load characteristic parameters were measured by central
pull-out experiments based on the Chinese Code of Standard
for test methods of concrete structures GB/T 50152-2012
[36]. .e pull-out test used a WAW-Y1000C microcom-
puter-controlled electrohydraulic servo universal testing
machine and the loading rate was 0.2 kN/S to 500 kN/S. .e
failure mode of all the specimens was attributed to splitting
failure. .e experiment was loaded from 0 kN until the
reinforced concrete specimen was destroyed and a dis-
placement sensor was set on the loading end of the central
pull-out specimens to measure the bond slippage (mm) of
the loading end.

.e corroded steel reinforcements were taken out when
the pull-out test was completed and were then cleaned with
5% HCl solution and neutralized with Ca(OH)2 solution.
.e specimens were flushed with clean water and placed into
a drying device at 20°C for 4 h. .e mass of the steel re-
inforcements was weighed by electronic scales with an ac-
curacy of 0.01 g. .e steel reinforcement corrosion ratio was
calculated with

Wn �
G0 − Gn

G0
× 100%, (1)

where G0 is the mass of the steel reinforcement before the
freeze-thaw test (g), n is the number of freeze-thaw cycles,Gn
is the mass of the steel reinforcement after n cycles of freeze-
thaw (g), and Wn is the actual corrosion ratio of the steel
reinforcement (%).

.e macroscopic mechanical properties of reinforced
concrete, such as the ultimate pull-out force and bond
slippage, were determined from internal microstructure
characteristics. .e purpose of the SEM tests was to reveal
the effect of freeze-thaw cycles on the microstructure of
reinforced concrete from a micro level and then to reveal the
mechanism of freeze-thaw cycles on steel reinforcement
corrosion. .us, to obtain the microstructure evolution of
concrete (after varied freeze-thaw cycles) throughout the
corrosion process, several measuring points were chosen;
from the surface to the interior, the points were defined as
the central point, the internal point, and the edge point. In
addition, the sample’s central point was taken from the

Table 1: Mix proportions concrete (kg/m3).

Water–cement ration Wsp (%) Water Cement Fly ash Sand Aggregate Water-reducing agent Air-entraining agent
0.4 0.3 11.7 279.2 85 553.2 1290.8 1 0.02

200 mm
100 mm

100 mm

200 mm

20 mm
40 mm

Steel reinforcement

PVC pipe

Concrete

Figure 1: Details of stereoscopic specimen.
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center of the bonding segment between the steel rein-
forcement and the concrete..e samples (about 1 mm thick,
3 mm long, and 3 mm wide) were cut from the cross section
of the specimen by a diamond saw. A JEOLO JSM 7500F
SEMwas used to observe the microstructure with an optimal
resolution of 1 nm (15 kv). In addition, the samples were
treated with high-pressure gold spray before testing for high-
quality imaging.

3. Experimental Results

3.1. Surface Change. .e corrosion state and surface cor-
rosion cracks can arguably reflect the effect of freeze-thaw
cycles on steel reinforcement corrosion. .e surface change
of a reinforced concrete specimen is shown in Figure 3, and
the differences of surface change under different freeze-thaw
cycles are obvious. Naturally, more corrosion products were
produced by the increasing number of freeze-thaw cycles.

.e surface of specimens not subjected to freeze-thaw
changed only slightly after 5.85 d (3% theoretical corrosion
ratio), and the edge of the specimens peeled off after 15.6 d
(8% theoretical corrosion ratio). .e surface color of the
specimens subjected to 100 freeze-thaw cycles deepened, and
large areas of the steel reinforcement in the bond section of
the specimen began to rust after 5.85 d (3% theoretical
corrosion ratio). It is difficult to generate expansion cracks
before lower freeze-thaw cycles because the entrained air
bubbles can reduce the expansion stress of freezing water.

Notably, the specimen suffered from corrosion cracking
after 23.4 d (12% theoretical corrosion ratio). For the
specimen subjected to 200 freeze-thaw cycles, the mortar on
its surface completely fell off, and the concrete at the edge
was severely peeled after 15.6 d (8% theoretical corrosion
ratio). Corrosion cracks with larger widths can be seen on
the surface of specimens after 23.4 d (12% theoretical cor-
rosion ratio). With increased corrosion time, the surface
damage of the specimens was very serious, and a large
number of Fe(OH)3 had accumulated. In general, corrosion
time had a significant impact on the damage process of the
specimens. After the same number of freeze-thaw cycles,
higher initial corrosion times led to more serious degra-
dation; the reason for this is that micro cracks in the concrete
caused by freeze-thaw cycles increased the corrosion ex-
pansive pressure and accelerated steel reinforcement cor-
rosion, which produced even more micro cracks. .erefore,
with increasing numbers of freeze-thaw cycles, it became
easier for internal corrosion products to transfer into the
exterior.

3.2. Corrosion Behavior

3.2.1. Mass of Corrosion. .e mean corrosion extent of the
specimens after varied freeze-thaw cycles is shown in Fig-
ure 4. .e mass of corrosion in steel reinforcement con-
tinuously increased with increased corrosion times. After
23.4 corrosion times (12% theoretical corrosion ratio), the

(a)

Direct
current main

Copper sheet
Steel

reinforcement

Concrete

Fe2+

Fe2+
OH–

OH–

(b) (c)

100 mm

40 mm

170 mm

Steel reinforcement

�e free end
Concrete
specimen

Unbonded area

�e load end

F

(d)

200 mm

20
0 m

m

50 mm

10
0 m

m

100 mm

Central
point

Internal
point

Edge
point

(e)

Figure 2: Flow diagram of the experiment. (a) Freeze-thaw test. (b) Accelerated steel corrosion test. (c) Pull-out test loading process.
(d) Schematic diagram of the steel reinforcement pull-out test. (e) Samples and points for porosity measurement (mm).
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final corrosionmass of the specimens corresponding to 0, 50,
100, 150, and 200 freeze-thaw cycles was 102.9 g, 100.352 g,
110.054 g, 126.126 g, and 143.688 g, respectively. .e sig-
nificant difference in corrosion mass of the steel rein-
forcement after 0 freeze-thaw cycles (102.9 g) and 200 freeze-
thaw cycles (143.688 g) is attributed to micro cracks in the
concrete caused by freeze-thaw cycles increasing the
transport properties of water and ions, which accelerates the
corrosion reaction. .erefore, the more freeze-thaw cycles,

the easier it is for external water molecules and chloride ions
to transfer into the interior of the specimen.

3.2.2. Corrosion Rate. Figure 5 shows the relationship be-
tween the actual corrosion ratio and the number of freeze-
thaw cycles. .e theoretical corrosion ratios of steel rein-
forcement, X0, X1, X2, and X3, are compared with the actual
corrosion ratios of steel reinforcement, Y0, Y1, Y2, and Y3. It
could be observed the actual corrosion ratio was lower than
the theoretical corrosion ratio before 100 freeze-thaw cycles
due to differences in both chloride consumption and speci-
men casting in the experiment. It is clear that the deviation of
the actual and theoretical corrosion ratios was not large. After
100 freeze-thaw cycles, the difference between the actual
corrosion ratio and theoretical corrosion ratio increases. .e
higher the corrosion ratio, the steeper the curve becomes,
corresponding to a faster corrosion ratio of the specimen..e
deviation of the corrosion ratio of X3 and Y3 for 200 freeze-
thaw cycles was 0.0266, which is significantly higher than the
deviation of X3 and Y3 (0.0087) after 150 freeze-thaw cycles.
.is is due to the permeability coefficient of the chloride ions
and the specific resistance both decreasing with increased
numbers of freeze-thaw cycles, resulting in generating a large
amount of Fe(OH)3..us, the actual corrosion ratio exceeded
the theoretical corrosion ratio.

Figure 6 shows the relationship between actual corrosion
rate and corrosion time. .e corrosion rate of the specimens
increased with the number of freeze-thaw cycles before the
5.85 d mark (3% theoretical corrosion ratio). However, the
increased rate varied with different numbers of freeze-thaw
cycles, and the corrosion rate of the steel was significantly
accelerated after 50 cycles. .e corrosion rate was

D0X1
5.85 d

D0X2
15.6 d

D0X3
23.4 d

(a)

D100X1
5.85 d

D100X2
15.6 d

D100X3
23.4 d Corrosion crack

(b)

D200X1
5.85 d

D200X2
15.6 d

D200X3
23.4 d

Corrosion crack

(c)

Figure 3: Surface changes of specimens under different freeze-thaw cycles. (a) 0 cycles of freeze-thaw. (b) 100 cycles of freeze-thaw. (c) 200
cycles of freeze-thaw.
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particularly similar within the initial corrosion time. .e
corrosion rate of the specimens decreases after 5.85 d (3%
theoretical corrosion ratio) because of the accumulation of
corrosion products. When the corrosion time reaches the
23.4 d (12% theoretical corrosion ratio), the corrosion rate at
200 cycles increased by 0.6%, a 0.2% increase compared to
100 cycles (0.4%). .is indicated that the generated corro-
sion products decreased the transport property of chloride
ions, resulting in a slower corrosion ratio. .e combined
action of the two effects led to the freeze-thaw cycles having a
significant effect on steel reinforcement corrosion.

3.3. Bond Behavior

3.3.1. Ultimate Pull-Out Force. .e ultimate pull-out force
at various corrosion times is illustrated in Figure 7. .e pull-
out force decreased rapidly with increasing numbers of
corrosion times, especially within the initial corrosion time
(5 d), where the pull-out force was still high since the
corrosion products (Fe(OH)3) improved the roughness of
the specimen and enhanced the frictional resistance at the
reinforced concrete interface. However, the effect of freeze-
thaw on the pull-out force became obvious when the cor-
rosion time reached 23.4 d (12% theoretical corrosion ratio),
where the pull-out force for 0 and 200 freeze-thaw cycles
decreased by 36.2% and 75.5%, respectively. By comparison,
the decrease in ultimate pull-out force for 200 freeze-thaw
cycles was higher than that in 0 freeze-thaw cycles. It was
obvious that the freeze-thaw cycles had a significant impact
on the pull-out force of reinforced concrete. .e phe-
nomenon can be explained as follows: freeze-thaw damage
decreased the strength of concrete while increasing the
corrosion ratio, which led to an acceleration of the corrosion
process. .us, the influence of freeze-thaw damage and
corrosion on the pull-out force of reinforced concrete was
not a simple superposition problem.

3.3.2. Bond Slippage. Figure 8 shows the relationship be-
tween the bond slippage and corrosion time. It can be
observed that the bond slippage of all specimens decreased
with increasing corrosion time, yet it remained constant
after 15.6 days (8% theoretical corrosion ratio). During
corrosion, increasing freeze-thaw cycles lowered the bond
slippage. For specimens with freeze-thaw cycles of 0, 50, 100,
150, and 200 cycles, the bond slippage after corrosion
(15.6 d) decreased by 16.42, 8.515, 4.9, 5.414, and 4.859mm,
respectively. .e bond slippage decreased by 42.5% after 200
freeze-thaw cycles compared with specimens with 0 freeze-
thaw cycles. From 0 cycles to 50 cycles, the bond slippage
decreased by 9mm for uncorroded specimens. However, the
bond slippage of uncorroded specimens after 100 freeze-
thaw cycles decreased by 2.05mm compared with those
subjected to 50 freeze-thaw cycles, decreased by 2mm after
150 cycles compared with 100 cycles, and decreased by
1.38mm after 200 cycles compared with 150 cycles.
According to the results discussed in Section 3.2.1, this
phenomenon was due to freeze-thaw damage accelerating
corrosion and producing more corrosion products, which
increased the corrosion expansive pressure and made
damage more serious. .us, the effect of freeze-thaw cycles
on the bond slippage had already occurred prior to corrosion
because the freeze-thaw cycles changed the mechanical
properties of the concrete.

3.4. Porosity Analysis. .e influence mechanism of freeze-
thaw cycles on steel reinforcement corrosion was further
explained by analyzing the change of porosity and the re-
lationship between porosity and freeze-thaw cycles under
different corrosion ratios.
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Figure 5: .e difference between the actual corrosion ratio and
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Figure 9 shows that porosity increased with increased
numbers of freeze-thaw cycles. It can be observed that the
slope of the curve in the ascending section of the edge point
is larger than that of the internal point, and the ascending
section of the central point is less sloped than the internal
point. .is showed that the freeze-thaw cycles had a sig-
nificant influence on porosity from the surface to the center
of the specimen. After 200 cycles, the concrete spalling
deepened, and the overall structural performance was
damaged. .is was because the increased porosity of the
edge point caused by freeze-thaw accelerated the corrosion
ratio, which affected the bonding properties of the rein-
forced concrete.

Figure 10 shows that the porosity of the 12% theoretical
corrosion ratio group increased by 20% compared with the
uncorroded group after the same number of freeze-thaw
cycles. .e porosity of the central point was especially
greater than other positions in the initial freeze-thaw cycle.
.is was because the corrosion products caused damage in
the central concrete but did not extend any further. .e
porosity of the internal point and edge point increased
significantly with increasing numbers of cycles. After 100
cycles, the porosity of the edge point was greater than the
central point, since the freeze-thaw cycles caused an increase
in both porosity and cracks; the corrosion products devel-
oped from the center to the surface of the specimens. Both
the freeze-thaw damage and corrosionmade the cracks more
serious, wherein the bond behavior of the reinforced con-
crete was almost lost. In summary, the change of porosity
was related to the strength of concrete and affected the pull-
out force. Additionally, the increased porosity caused by
freeze-thaw also affected the transport properties of chloride
ions, which accelerated the corrosion reaction.

3.5. SEM Analysis. According to the above macroscopic
testing results, the freeze-thaw cycles had a significant im-
pact on steel reinforcement corrosion. In order to further
explore the effect of freeze-thaw cycles on corrosion from a
microscopic perspective, the testing groups with the greatest
difference among all specimens (0 cycles and 200 cycles)
were selected, and SEM images before and after corrosion
were compared.

3.5.1. Uncorroded Group. .e pore structure of uncorroded
specimens with two levels of freeze-thaw cycles is clearly
observed in Figure 11 (2000x magnification). In
Figure 11(a), the internal hydration of the concrete was
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Figure 7: .e change of ultimate pull-out force of steel
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Figure 9: .e effect of freeze-thaw cycles on the porosity of
uncorroded specimens.
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complete, and the smooth and dense C-S-H structure oc-
curred in all three positions. .e overall structures in the
concrete were very dense and the pores were small, and some
fly ash particles could also be observed on the central point.
Because fly ash was in cement paste, cement hydration was

also involved in the hydration reaction, generating some
calcium silicate hydrate gel.

Figure 11(b) shows the internal microstructure of
uncorroded specimens after 200 freeze-thaw cycles. Com-
pared with specimens without any cycles, the sample
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Figure 10: .e effect of freeze-thaw cycles on the porosity of 12% theoretical corrosion ratio specimens.
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Figure 11: Electron microscope scanning of the uncorroded group. (a) 0 cycles of freeze-thaw without corrosion group. (b) 200 cycles of
freeze-thaw without corrosion group.
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structure of the edge points became loose. Meanwhile, the
internal and central positions were also damaged to varying
levels. Some small cracks continued to expand and connect
to form large cracks after 200 cycles, which had a serious
impact on the material’s structure.

After 200 freeze-thaw cycles, the edge point damage was
greater than that of the internal point, and the damage of the
internal point was greater than the central point. .e path of
freeze-thaw damage was from the surface to the interior..e
pull-out force (Figure 7) and bond slippage (Figure 8) after
200 cycles were lower than those with 0 cycles. .is was
because the specimens exposed to freeze-thaw developed
larger internal porosity and a looser structure, which led to a
decrease in pull-out force and bond slippage.

3.5.2. Corroded Group. .e pore structure of corroded
specimens (23.4 d) exposed to two levels of freeze-thaw
cycles is shown in Figure 12. Figure 12(a) shows that the
surface of the edge point was smooth, dense, and without
cracks. However, the internal point and central point
changed significantly. .e pores were relatively small and
uniformly distributed in the internal point, but the number
of pores and cracks increased in the central point. .is was
because the higher corrosion ratio caused a large amount of
generated Fe(OH)3, which damaged the specimen structure
by expansive force. As shown in Figure 3, the corrosion
products invaded the interior of the concrete after the steel
reinforcement passivation film was destroyed, which
resulted in the surface of steel reinforcement in the whole
bonding section being enwrapped with Fe(OH)3.

Figure 12(b) shows a large number of dense cotton balls
(globular) inside the concrete, signifying the formation of
corrosion products. A large number of corrosion cracks
occurred upon the internal point of the specimens. .e steel
reinforcement corrosion developed from the center to the
surface, while the freeze-thaw damage developed from the
surface to the center. .us, the internal zones of the spec-
imens were the most seriously damaged portions. After 200
freeze-thaw cycles, a greater amount of corrosion products
was present in corroded specimens compared with uncor-
roded specimens. .is was because the pores inside the
concrete samples increased gradually with increased freeze-
thaw cycles. .e structure also became loose, which resulted
in the acceleration of chloride ions transport and then the
acceleration of steel reinforcement corrosion. A large
number of corrosion products were accumulated in the
cracks caused by freeze-thaw damage, which resulted in the
expansion of cracks and the spalling of the concrete layer. In
summary, the deterioration process of concrete involves an
increasing number of macro pores and expansion of micro
cracks under the action of freeze-thaw cycles and steel re-
inforcement corrosion. In general, the deterioration process
of concrete is the process of increasing the number of macro
pores, decreasing the number of micro pores, and gradual
expansion of micro cracks.

4. Discussion

.e degradation mechanism of concrete with fitting analyses
of micro and macro indices under different freeze-thaw
conditions are herein discussed. .e relationships between
the porosity and corrosion ratio and the porosity and bond
strength were obtained, further verifying the effect of freeze-
thaw cycles on the corrosion of the reinforced concrete.

4.1. �e Relationship between Corrosion Ratio and Porosity.
In order to get reliable test results, samples were analyzed
after 23.4 days (12% theoretical corrosion ratio) to determine
the relationship between the porosity of the concrete edge
points and the actual corrosion ratio under different freeze-
thaw cycles, with the results shown in Figure 13.

Figure 13 shows a nonlinear correlation between po-
rosity and corrosion ratio with different numbers of freeze-
thaw cycles..e correlation was greater than 0.9, providing a
coefficient to approximately evaluate the corrosion behavior
of reinforced concrete under different freeze-thaw condi-
tions. .e actual corrosion ratio increased with porosity
because the width and quantity of cracks increased with
more freeze-thaw cycles. At the micro level, the freeze-thaw
damage changed the number of connecting holes in concrete
and ion transport performance, which accelerating the steel
corrosion rate in reinforced concrete. In fact, the change of
porosity had a significant effect on the actual corrosion ratio
with the increases of corrosion times. .us, for the rein-
forced concrete with initial damage, the longer the corrosion
time, the greater the deviation of the theoretical corrosion
ratio under the same porosity.

4.2. �e Relationship between Bond Strength and Porosity.
From the microstructure analysis, the increase of porosity
led to increased ion transport, which accelerated the
chemical corrosion of the reinforced concrete. In order to
study the effect of freeze-thaw cycles on the bond behavior of
reinforced concrete, 23.4 d samples (12% theoretical cor-
rosion ratio) were chosen to analyze the relationship be-
tween the porosity of the concrete edge points and the bond
strength under different freeze-thaw cycles. .ese results are
shown in Figures 14 and 15.

Figure 14 shows a quadratic function correlation be-
tween the porosity and the pull-out force with different
freeze-thaw cycles. In addition, when the porosity was less
than 20%, the ultimate pull-out force changed only slightly.
However, when the porosity was greater than 20%, the
ultimate pull-out force decreased rapidly. When analyzing
the pull-out tests (Figure 7), the pull-out form of steel re-
inforcement changed from a splitting failure to a pulling
failure with increasing numbers of freeze-thaw cycles. After
repeated freeze-thaw cycles, the micro cracks in the interior
and numerous capillary pores increased. .e path of
chloride ions and sulfate ion flow was formed by those
cracks.
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.us, the strength of concrete will gradually reduce and
the concrete will damage due to corrosion expansive pres-
sure caused by steel reinforcement corrosion destroying the
layer of concrete. .e porosity especially increased with
increasing numbers of freeze-thaw cycles.

Figure 15 shows that porosity is negatively correlated
with bond slippage, wherein the bond slippage decreased by
6.9mm after increasing porosity from 0.13 to 0.28. .is is
because the higher number of freeze-thaw cycles and greater

steel reinforcement corrosion increased the deterioration
rate of bond behavior in the reinforced concrete. Due to the
rapid development of macro cracks caused by the hetero-
geneous porosity distribution from surface to center, the
surface peeling was much more serious after more freeze-
thaw cycles. Freeze-thaw damage changed the porosity and
ion transport properties, which led to the decrement of the
bond slippage and destruction of concrete. In general, when
the number of freeze-thaw cycles was small, the effect of

Central point Internal point Edge point

(a)

Central point Internal point Edge point

(b)

Figure 12: Electronmicroscope scans of 12% theoretical corrosion ratio. (a) 0 cycles of freeze-thaw with 12% corrosion group. (b) 200 cycles
of freeze-thaw with 12% corrosion group.
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freeze-thaw and corrosion on the bond properties of rein-
forced concrete depended on the combined action of freeze-
thaw cycles and corrosion. In contrast, when the number of
freeze-thaw cycles reached 200 cycles, the effect of freeze-
thaw and corrosion on the bond properties of reinforced
concrete mainly depended on the action of freeze-thaw
cycles.

5. Conclusion

.e effect of freeze-thaw damage on steel reinforcement
corrosion was investigated by accelerated corrosion exper-
iments under different freeze-thaw cycles, and the evolutions
of macro parameters and microstructure were obtained. .e

results of this study are summarized in the following con-
cluding remarks.

(1) .e surface state of specimens showed obvious
change after 100 freeze-thaw cycles, and expansive
cracks with large widths could be seen after 23.4 d of
corrosion (12% theoretical ratio). Also, the corrosion
mass and corrosion rate of steel reinforcement in-
creased by 39.6% and 39.7% when comparing 200
freeze-thaw cycles to 0 cycles, respectively.

(2) .e ultimate pull-out force and bond slippage de-
creased with increasing numbers of freeze-thaw
cycles. However, the rate decrease varied with dif-
ferent corrosion times. When the corrosion time
reached 23.4 d (12% theoretical corrosion ratio), the
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pull-out force of 200 freeze-thaw cycles decreased by
73% compared with 0 freeze-thaw cycles. .e bond
slippage decrease after 200 freeze-thaw cycles was
31% of the 0-cycle value.

(3) .e relationship between macroscopic mechanical
properties and microscopic porosity structure in-
dicated that the effect of freeze-thaw on steel rein-
forcement corrosion manifested in two aspects: first,
freeze-thaw damage increased porosity, which led to
a decrease in concrete strength; second, freeze-thaw
damage accelerated the steel reinforcement corro-
sion rate, decreasing the bonding properties of the
concrete.

(4) .e difference between the theoretical corrosion
ratio and actual corrosion ratio increased with in-
creased numbers of freeze-thaw cycles, and the in-
fluence of freeze-thaw and corrosion on the bond
properties of concrete gradually led to degradation of
the concrete strength, which was dominated by
freeze-thaw cycles.
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)e fragile habitat of alpine mining areas can be greatly affected by surface disturbances caused by mining activities, particularly
open-pit mining activities, which greatly affect the periglacial environment. SBAS-InSAR technology enables the processing of
SAR images to obtain highly accurate surface deformation information. )is paper applied SBAS-InSAR technology to obtain
three years of surface subsidence information based on the 89-scene Sentinel-1A SLC products, covering a mining area (tailings
and active areas) in the Tianshan Mountains and its surroundings from 25th December 2017 to 2nd January 2021. )e data were
adopted to analyze the characteristics of deformation in the study region and the mining areas, and the subsidence accumulation
was compared with field GNSS observation results to verify its accuracy. )e results showed that the study area settled sig-
nificantly, with a maximum settlement rate of −44.80mm/a and a maximum uplift rate of 28.04mm/a. )e maximum settlement
and accumulation of the whole study area over the three-year period were −129.39mm and 60.49mm, respectively. )e mining
area had a settlement value of over 80mm over the three years. Significantly, the settlement rates of the tailings and active areas
were −35mm/a and −40mm/a, respectively. Debris accumulation in the eastern portion of the tailings and active areas near the
mountain was serious, with accumulation rates of 25mm/a and 20mm/a, respectively, and both had accumulation amounts of
around 70mm. For mine tailing pile areas with river flows, the pile locations and environmental restoration should be ap-
propriately adjusted at a later stage. For gravel pile areas, regular cleaning should be carried out, especially around the mining site
and at the tunnel entrances and exits, and long-term deformation monitoring of these areas should be carried out to ensure safe
operation of the mining site. )e SBAS-InSAR measurements were able to yield deformations with high accuracies over a wide
area and cost less human and financial resources than the GNSS measurement method. Furthermore, the measurement results
were more macroscopic, with great application value for surface subsidence monitoring in alpine areas.

1. Introduction

Mining activity can cause surface deformations and nega-
tively impacts the environment [1, 2]. If rehabilitation
measures are not handled properly, they can lead to serious
subsequent disasters such as mine collapse [3], slope in-
stability [4], vegetation death over large areas [2, 5], and
severe water-soil erosion [3]. )ese potential threats and

problems are more prominent in high-altitude areas due to
the fragile habitats therein [2]. )e key to solving these
problems is to provide theoretical support for decision-
making based on a large amount of basic data such as surface
deformation data. Ground settlement [6] data provide an
understanding of changes in mining areas and the sur-
rounding environment, contributing to their sustainable
development. Subsidence data can also provide synchronous
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information on how to develop in areas containing perilous
rocks, providing a basic foundation for mining safety in
cold-plateau regions.

In recent years, with the development of computer
technology, remote sensing (RS), and geographic informa-
tion system (GIS) technology [7–9], increasingly more novel
geographic analysis methods [10–12] have been used for the
dynamic monitoring of surface subsidence in mining areas,
among which monitoring based on interferometric synthetic
aperture radar (InSAR) technology [13–15] has performed
excellently. One of the advantages of InSAR over traditional
time-consuming and costly monitoring methods, such as
level measurements and global positioning satellite (GPS)
measurements, is that it has all-day, all-weather [13, 16]
observation capability. Moreover, microwaves can effec-
tively penetrate the atmosphere and are less affected by water
vapor and surface vegetation [17]. In addition, as more and
more synthetic aperture radar (SAR) satellites have been
launched, increasingly more materials are accessible
[16, 18–21], and the data acquisition cycles have become
shorter. As a result, the accuracy of these measurements has
greatly improved. InSAR has the added advantage of
obtaining ground deformation information over large areas
at a relatively small cost. As a corollary, deformation
measurements based on InSAR have becoming increasingly
popular [21].

So far, InSAR technology has evolved from traditional
differential interferometric synthetic aperture radar (D-
InSAR) [22, 23] to multitemporal InSAR (MT-InSAR) [24]
technologies, including persistent scatterer InSAR (PS-
InSAR) [25–27], small baseline subsets InSAR (SBAS-
InSAR) [28], and distributed scatterer InSAR (DS-InSAR)
[29]. In addition, to compensate for the deficiency that
D-InSAR orMT-InSAR can only acquire line-of-sight (LOS)
direction deformation, the multiaperture InSAR (MAI) [30]
technique has been proposed to acquire deformation in-
formation in the azimuthal direction (i.e., satellite flight
direction).

)ese InSAR techniques have been used in a wide range
of deformation monitoring applications, such as urban
ground settlement [31–33], mine subsidence [34–41],
earthquakes and plate movements [42–45], volcanic erup-
tions [46–48], infrastructure deformation [49–51], glacial
drift [52–55], permafrost deformation [56–60], and land-
slides [61–63]. Compared to other MT-InSAR techniques,
SBAS-InSAR has the advantage of being able to overcome
atmospheric interference and requires a relatively small
amount of data [14, 16, 21]. )is method has been widely
used for surface deformation monitoring with excellent
results [28, 31–63].

For the above reasons, to understand the dynamic
changes of subsidence in alpine mining areas, this study
focuses on a mining area in the Tianshan Mountains of
China as the research object, which consists of 89 scenes of
Sentinel-1A level-1 single look complex (SLC) data pro-
cessed via SBAS-InSAR technology to obtain the surface
subsidence [35] information of the area. )e subsidence
information is analyzed to understand surface subsidence
around the mining site and to provide recommendations for

mining activities. )e cumulative deformation information
is also compared with data obtained from in situ global
navigation satellite system (GNSS) measurements to verify
the accuracy of SBAS-InSAR technology for surface de-
formation monitoring and subsidence measurements in
alpine mining areas. From this, the extent of impact of
mining activity on local environment can be understood. In
addition, the obtained deformation over a large area can be
used as fundamental information to provide a theoretical
basic for mining policy, which is of great value to ensure
environmental sustainability.

2. Regional Characteristics

)e study area (Figure 1) is located in the eastern Tianshan
Mountains, with geographical coordinates of 84.95–85.12°E
and 43.28–43.35°N (as shown by the red box in Figure 1(a)).
Its altitude ranges from 3,160m to 4,365m above the sea
level (m.a.s.l.), with an average altitude of 3,839m. )e
annual temperature has a maximum of 16°C and aminimum
of −30°C [2], and it is a typical high-cold and high-altitude
area. )e snowline is 3,700–3,900m.a.s.l., and the areas
above the snowline are covered with glaciers, snow cover,
permafrost, rock glaciers, and other periglacial geomor-
phology. )e watershed located in the southwest of the
mining area divides the rivers into two basins flowing south
and north [9]. )e south-flowing rivers converge with the
Yili River, which is dominated by small rivers. )e north-
flowing rivers empty into Noor Lake, which eventually feeds
into the Manas River. )e maximum daily precipitation is
146mm, the annual rainfall exceeds 1,000mm, the evapo-
ration is 425mm, the maximum wind speed is 12m/s, the
average humidity is about 43%, and the wind direction is
mainly north-northeast [2]. From October to April, the
average temperature is below freezing, and solid precipi-
tation such as hail and snowfall dominates this period. In
contrast, from July to September, there is relatively little
snowfall and warmer temperatures, making this the season
appropriate for grass growth.

)e mine is located along the watershed of the study
area, which consists of a large open-pit iron ore mine where
the extracted ore is sorted by a mobile crushing and dry
sorting station [64]. )e geology consists of an erosion-
denudation-tectonic alpine landform and a denudation-
deposition alpine-valley landform with extensive granite
distribution. Two major sections, a tailings stockpile
(irregular blue frame in Figure 1(c)) and an active area
(irregular black frame in Figure 1(c)), are the focus of this
study. )e tailings stockpile includes a beneficiation region,
and the active area consists of an open-pit mining area
(irregular red frame in Figure 1(c)), early prospecting area,
and part of the tailings waste stockpile. )e rocks around the
mining site are heavily weathered [64] and often have fallen
rock accumulations. In addition, the rocks are subject to
strong cryogenesis, gelifraction, and tectogenesis, inducing a
high risk of potential geological hazards. )is, coupled with
the impact of the mining activities, increases the suscepti-
bility to geological hazards, while frequent weather changes,
such as high winds, snow, and hail, can easily cause
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meteorological disasters and lead to a range of environ-
mental and geological hazard problems.

3. Data and Methods

Sentinel-1A level-1 SLC products are available for free
download from the ASF website (https://vertex.daac.asf.
alaska.edu/). )e time span is from 25th December 2017
to 2nd January 2020, with an average of more than two
images per month, excluding cases where no data are
available, for a total of 89 scene images. )e precise orbital
data corresponding to each scene image is available from the
ESA website (https://qc.sentinel1.eo.esa.int/). )ere are two
types of orbital data: one is the precise data created 21 days
after the GNSS downlink date, and the other is the restituted
product generated within 3 h of receiving the GNSS data.
)e precision orbital data with ephemerides have positions
with accuracies better than 5 cm, and the other data have
accuracies of 10 cm. )e orbital data used here are the
products with precise ephemerides. )e digital elevation
model (DEM) of the study area is the USGS EROS Archive-

Digital Elevation-Shuttle Radar Topography Mission
(SRTM) 1 Arc-Second Global, which has a spatial resolution
of 30m and can be obtained from the USGS EarthExplorer
website (https://earthexplorer.usgs.gov/).

)e GNSS static monitoring network system is located
at the southwestern foot of the mountain near the mining
area (Figure 1(c)), which can be used to monitor three-
dimensional (3D) ground surface deformation information,
and it consists of nine parts (Figure 2). )e monitoring
system which consists of six stations in total, one base station
and five observation stations, started working on 9th October
2019. After the complex calculation between these two kinds
of data, the deformation, with a temporal resolution of
seconds, can be obtained. However, due to the high tem-
perature variability in the area and the low winter tem-
peratures, part of the stations has experienced some
anomalies, and the deformation data monitored at certain
times are missing. )e GNSS measured deformation data
used for the comparison span from 16th October 2019 to 31st
May 2020 and condition with no data or abnormal data in
this period have been rejected.

Study area

burst_IW3_1_slc

Mining area

Tailings area

Activity area

85°0′30″E 85°1′30″E 85°2′30″E 85°3′30″E 85°4′30″E 85°5′30″E

84°40′E 84°50′E 85°0′E 85°10′E 85°20′E 85°30′E 85°40′E

84°40′E 84°50′E 85°0′E 85°10′E 85°20′E 85°30′E 85°40′E
85°0′30″E 85°1′30″E 85°2′30″E 85°3′30″E 85°4′30″E 85°5′30″E

43
°1

8′
40

″
N

43
°2

0′
0″

N
43

°1
9′

20
″

N

43
°1

8′
40

″
N

43
°2

0′
0″

N
43

°1
9′

20
″

N

43
°1

0′
N

43
°1

5′
N

43
°2

0′
N

43
°2

5′
N

43
°3

0′
N

43
°1

0′
N

43
°1

5′
N

43
°2

0′
N

43
°2

5′
N

43
°3

0′
N

0 2 41
km

0 4 82
km

0
20 4010

km

4365

3160

Tunnel

GNSS

Portal

Observation point

(a)

(b)

(c)

Figure 1: Geographical location of the study area: (a) position of the entire study area in the Sentinel-1A image; (b) DEM of the study area;
(c) an enlarged view of the location of the mining area, observation points, and the GNSS points.
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To better analyze the settlement characteristics around
the mining site, six observation points were selected around
each of the tailings stockpile area and the active area con-
taining the mining activities, with six more based on to-
pography, ground cover, and runoff distribution, for a total
of 12 points, as shown in Figure 1(c). More information can
be seen in Table 1.

)e software used in this paper includes ArcGIS 10.6,
ENVI5.3, SARscape5.2.1, OriginLab2017, and Global
Mapper 14. )e workflow mainly consists of data pre-
processing, SBAS-InSAR processing, and data analysis, as
shown in Figure 3.

3.1. Data Preprocessing. )is process aims to convert the
format of the data so that the different software platforms
can recognize them and clip the data, thus reducing the time
spent on data processing and improving the overall efficiency.
Firstly, the region of interest (ROI) is mapped and converted
to .shp format. )en, the DEM in .tiff format is converted to
binary format using SARscape [7], and Global Mapper is
applied to create isoheights of the total study area with a
spacing distance of 200m. After these two steps, the SLC data
are imported and set at a resolution of 20m× 20m.)en, the
processing images data (raster) area is sectioned with the ROI
vector data (.shp).)e resolution of the image depends on the
pixel spacing slant range, pixel spacing azimuth, incidence
angle, and multilook number, which is calculated as

Rsr �
Psr

sin(θ)
× Nsr, (1)

Ra � Pa × Na, (2)

where Rsr is the range slant resolution, Ra is the azimuth
resolution, and Psr and Pa are the pixel spacings of the slant
range and azimuth, respectively, all in units of m. Nsr is the
number of slant range looks and Na is the number of azi-
muth looks; both are positive integers. θ is the angle of
incidence in degrees.

)e images used here were obtained from an ascending
attitude at an angle of incidence of 39.08°, with pixel spacings
of 3.73m and 13.89m for the slant range and azimuth,
respectively. To ensure that we yielded a target deformation
map with a spatial resolution of 20m× 20m, the multilook
numbers of the slant range and the azimuth, which can be
calculated by (1) and (2), were set as five and one,
respectively.

Based on the SARscape software for baseline estimation
and SBAS data processing, a temporal baseline threshold of
180 d and a spatial baseline threshold of 2% of the critical
baseline were set for all data processing to ensure the ac-
curacy of the results and to avoid spatiotemporal deco-
herence of the data as much as possible.

3.2. SBAS-InSAR Processing. A differential interferogram
and coherence intensity graph are obtained by differential
interference processing. )e final output of this step is a
flattened interferogram, where if the constant phase caused
by the acquisition geometry and an input DEM are provided,
the topographic phase is removed. A Goldstein adaptive
filter [65] is chosen to reduce interference from noise phases
while outputting the filtered product. Interferometric co-
herence, which is an indicator of the phase quality and the
master intensity filtered image, is also generated. )en, the
minimum cost flow method [66] with a coherence threshold
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Figure 2: GNSS ground deformation monitoring instrument.
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of 0.35 to unwrap the phase, which is obtained after the
above processing, is employed. Finally, the interferometric
image pairs are edited according to the unwrapping result,
the coherence intensity graph, and the flattened interfero-
gram to ensure that the connection diagram is correct, and
image pairs are removed if the value of the coherence in-
tensity graph is low.

After the editing process, ground control points (GCP) are
selected for refinement and reflattening processing to accu-
rately estimate the orbital parameters so that the unwrapped
results are refined and the residual phase is removed. )e
deformation rate and residual topography are estimated by the
first inversion, and the atmospheric phase error is removed by
the second inversion. Multiple time series displacements are
calculated and the SBAS-InSAR results are geocoded. )e
results consist of LOS cumulative displacements, in units of
mm, and multitime series rate deformation, in units of mm/a.

3.3. DataAnalysis. To visualize the displacement results and
extract the features of the deformation information, we
divided the results into three-year parts with a time interval
of about three months in every year. We note that this choice
is in keeping with the changing seasons. )en, the subsi-
dence rate map was used to analyze the subsidence features
around the mining site, select and visualize typical sites,
extract their multitime subsidence information to under-
stand the subsidence characteristics, and map the data.
Finally, the subsidence information for the comparison
points (CPs) was extracted and compared with the GNSS
data, which were obtained from observations made during
the same measurement period to verify the accuracy of the
SBAS-InSAR measurements in the study area. )ese two
kinds of data were obtained during the same observing
period and from the same observing places so that the ac-
cumulated sedimentation obtained from the two methods

Table 1: Basic information of the deformation observation points.

Region Name Latitude N (°) Longitude E (°) Altitude (m) Surface features

Tailings area

P1 43.3264 85.0095 3571.37 Tailings stockpile, close to river
P2 43.3217 85.0083 3662.99 Close to the living area
P3 43.3102 85.0119 3639.23 Downstream of the river
P4 43.3238 85.0143 3562.51 Gravel slopes
P5 43.3147 85.0189 3644.24 Gravel, close to road, portal
P6 43.3096 85.0203 3668.44 Gravel slopes

Activity area

P7 43.3263 85.0486 3629.46 Close to road, gravel slag
P8 43.3230 85.0446 3592.24 Close to portal, gravel slag
P9 43.3331 85.0489 3685.94 Tailings stockpile, close to river
P10 43.3282 85.0454 3614.84 Foot of the mountain, near road
P11 43.3201 85.0530 3483.14 )e edge of the mine
P12 43.3220 85.0495 3611.80 Foot of the mountain, near mining
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Figure 3: Data processing flow chart.
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could be compared. )e accumulated sedimentation can be
calculated as follows:

Δ D � D2 − D1, (3)

where ΔD is the accumulated sedimentation and D1 and D2
are the sedimentations of the observational starting data and
end data, respectively, all units in mm.

4. Results

4.1.BaselineEstimation. )ebaseline information (Figures 4
and 5) of the Sentinel-1A data was obtained after calculation.
)e image from 21st October 2018 (yellow dots in Figures 4
and 5) was finally identified as the super master image, and
the remaining images were paired with this master image for
interferometric processing, which resulted in 1029 pairs of
interferometric images (Figure 5). )e maximum absolute
normal baseline was 116.56m, the minimum absolute
baseline was 0.71m, and the average was 50.51m. )e time
baseline ranged from 12 d to 180 d. )e results of processing
indicated that the data were sufficient for use in the SBAS-
InSAR process and they contained little decoherence.

4.2.DeformationVelocity. )edeformation rate of the entire
study area is shown in Figure 6. Data throughout the study
area ranged from −44.80mm/a to 28.04mm/a, with sig-
nificant subsidence at the mining area location, with rates in
excess of −40mm/a. Significant subsidence funnels exist in
the northwest and southeast corners of the active area.
Combined with the field investigations carried out in Sep-
tember 2018, a large accumulation of tailings waste was
found in the northwest corner, distributing a river that flows
from the mine site to Noel Lake. At the southeast foot,
ground ice is developed, and a large number of turn-hole
steel pipes left over from earlier prospecting are distributed,
with the tops of the pipes ranging from 1 to 2m from the
present ground surface. )e subsidence may be caused by
the scouring and transporting actions of the river in the
northwest. Besides, sinking in the southeast section of the
mining area may be due to melting of this ground ice caused
by early prospecting activities. In addition, there is a ten-
dency for accumulation along the eastern part of the active
area near the mountain, with an accumulation rate of greater
than 20mm/a, mainly due to rolling accumulation towards
the foot of the mountain as the dangerous rock is broken by
gelifraction, frost action, and physical weathering, while
activities in the mine also likely increase accumulation at the
foot of the mountain.

)e deformation rate characteristics of the tailings pile
area are similar to those of the active and mining areas, with
significant subsidence in the waste piles distributed along the
river in the west and uplift in the western part near the hills.
Settlement is mostly pronounced in the northwest and
southwest, with deformation rates exceeding −35mm/a in
the north and averaging 30mm/a in the southwest, while in
the east, at the foot of the hillside, the piles are clearly
deposited at rates greater than 25mm/a.

)e relationship between the deformation velocity and
altitude (Figure 7) shows that as the altitude rises, the ve-
locity gets larger. Combined with Table 1 and Figures 1 and
6, we can understand that P1–P6 are located in the tailings
area, which is used for mineral dressing and tailings
stockpiling, while P1–P3 are located to the west of the area,
and P4–P6 are near the mountain to the east of the tailings
area.)e deformation velocity shows that with the exception
of P5, which is located in the accumulation zone, all other
points are located in the settlement zone, with P1, P3, and P4
all having settlement rates in excess of 20mm/a. P7–P12 are
included in the activity area, where P8, P9, and P10 are
located in the northwest of the area, P7 is in the central part
near the mining working area, and P11 and P12 are in the
southeast; indeed, all points except P9 are within the mining
area. )e deformation velocities of P7, P8, and P11 are
positive and the other three are negative.

In general, the area over which the tailings were deposited
has settled significantly, with an average settlement rate of over
35mm/a andmore than 40mm/a in areas that experience river
flowing. Mining activity may accelerate the surrounding per-
ilous rock with frost fissure and frost splitting. Due to the
gelifraction of glaciers and ice and the engineering blasting of
the mining activity, there is large accumulation of sediment at
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Figure 5: Interferometric image pairs of the data.
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the foot of the slope around themining site.)e settlement rate
here is over 20mm/a, which is a cause of concern. )e pro-
longed and rapid accumulation of debris is a potential risk that
could threaten the safety of mining personnel, and as the
tailings area and mining area are connected by tunnels
(Figure 1(c)), the safety of traffic should be a further concern.

4.3. Deformation Characteristics. Taking the LOS defor-
mation on 25th December 2017 as a starting point, the
deformation of each subsequent scene image was calculated
according to (3). )e 89-scene deformation results were
divided into three groups at three-month intervals, with each
group including a whole freeze-thaw cycle in a year, which
allowed for better consistency with seasonal changes. )e
results are shown in Figures 8–10, corresponding to 2018,
2019, and 2020, respectively. Cold colors indicate surface
deformation away from the satellite while warm colors
represent displacements towards the sensors along LOS.

Comparison of the cumulative amount of minimum de-
formation values for these three years shows that the amount of
subsidence in the study area gradually increased with date,
decreasing from−12.31mmon 31stMarch 2018 to−141.70mm
on 21st December 2020, with a deformation variable of up to
129.39mm. A decrease of 79.75mm occurred from 31st March
2018 to 27th December 2019, and a fall of 82mm transpired
from 26th March 2019 to 21st December 2020. )e cumulative
lift during the years 2018, 2019, and 2020 was 33.26mm,
32.36mm, and 37.22mm, respectively. Meanwhile, the max-
imum accumulation in the study area increased by 60.49mm
from 25.93mm on 31st March 2018 to 21st December 2020.
However, unlike the changes in the minimum deposition
accumulation, the maximum accumulation values fluctuated
and changed rather than increasing over time.
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From Figures 7 and 11, it can be seen that there is good
correspondence between the deformation piling volume and
the deformation rate value. )e settlement volumes at P1,
P3, and P4 increased the most with time, corresponding to
the largest deformation rates. )e settlement volumes of
points P6, P8, and P11 were the second largest, and the
settlement rates accelerated after September 2019. )e
largest amount of accumulation occurred at P5, with an
accumulation of more than 70mm over the three years,
which should be of key concern due to its proximity to the

tunnel entrance. P9, P10, and P12 showed the same trend of
change with uplift, but the rates of uplift were not large and
fluctuated with a certain periodicity, whichmay be due to the
regular manual cleaning and removal of the accumulation.
P2 and P7 showed no obvious changes and only slight
subsidence. )rough the fieldwork and site investigations, it
was found that P2 is in the location of the processing plant
and P7 is the coal mining ladder of the mining area, both of
which are relatively stable, so the deformations therein were
not obvious.
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In summary, the tailings accumulation area and the active
area mainly showed subsidence in the west along the river
distribution section, while they showed uplift in the east near
the foot of the mountain. )e reason for this phenomenon is
mainly due to the presence of a large number of tailings piles
distributed along the river area, which are loose structures
that are prone to collapse and can accelerate the subsidence
phenomenon due to the transport and scouring effects of
runoff. )e area of accumulation is mainly due to the

accumulation of mountain debris slides. To ensure the sus-
tainable development and safe operation of the mine, the
mine should minimize the accumulation of tailings in the
river flow in the future to reduce water pollution, remove the
accumulation of tailings, and carry out vegetation restoration.
)e piles around the mine should be cleaned regularly to
ensure safe mining, and the piles at the tunnel entrance and
exit locations should be monitored over a large area for a long
period of time and dealt with in a timely manner.
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4.4. Deformation Precision. To verify the accuracy of the
SBAS-InSAR measurement results, GNSS monitoring data
and SBAS-InSAR measurements obtained from 16th Octo-
ber 2019 to 31st May 2020 were selected. )e cumulative
shape variables for the corresponding dates were calculated
using (3), and the results were compared. )eoretically, the
location of a GNSS observation point should be exactly the
same as the location of a SBAS-InSAR measurement point;
however, due to the reason of decoherence, the SBAS-InSAR
monitoring results at the precise GNSS installation locations

were missing, so points close to each GNSS installation
location were selected as the corresponding CPs to obtain
the required data for the observation period. )e GNSS data
were collected at an interval of 2 h, and the temporal res-
olution of the SBAS-InSAR monitoring results was 12 days.
)e results are shown in Figure 12.

As can be seen from Figure 12, the accumulations for
each set of corresponding points have a high degree of
agreement in the general trend, but do not match perfectly,
and the GNSS observations are more prominent than the
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SBAS-InSAR measurements in terms of variability. )is
phenomenon is mainly due to the inconsistent temporal
resolution of the two measurements, the incomplete
agreement of the observation locations, and the inconsistent
orientation of the deformation values. )e deformations
measured by SBAS-InSAR are in the LOS direction, while
the GNSS deformation measurements were selected along
the x direction. Although there are many limitations that
lead to some deviations in the two results, the SBAS-InSAR
deformation measurements in this area have high accuracy
and credibility. )ese results have an important reference
value and can provide a theoretical basis for the restoration

of mining environments and the creation of safety measures
in mining areas.

In summary, the surface deformation measurement
results of alpine mining areas based on SBAS-InSAR
technology are highly credible and relatively accurate. Al-
though there is a slight difference from the GNSS field
observation results, the measurement results of this method
lie in its wide observation range, workload, and less human
and material resource requirements. GNSS measurements
are highly accurate but costly, due to the large surface
undulations in alpine areas and inconvenient transportation,
coupled with strong frost splitting, frost stirring,
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congeliturbation, and frost jacking effects. Furthermore, it is
difficult to keep the GNSS mounting base fixed, which can
easily lead to the collapse of GNSS observation instruments,
thus affecting the accuracy of the monitoring results; indeed,
frequent repair and maintenance will increase the cost of
GNSS observations. )erefore, SBAS-InSAR surface defor-
mationmonitoring based on Sentinel-1A has great prospects
for applications in alpine and high-altitude mining areas, its
monitoring results can provide a theoretical basis for en-
vironmental restoration and safety measures for construc-
tion activities inmining areas, and its accuracy is sufficient to
meet general surveying and mapping requirements.

5. Discussion

Surface subsidence measurements based on SBAS-InSAR in
alpine and high-altitude areas have proven to provide a
wealth of information for mining sites, thus contributing to
their sustainable development. However, there are some
corresponding problems, such as the deformation infor-
mation at the location of the mining area not being mea-
sured, the presence of a large number of blank areas
throughout the study area, and the measured deformation
results being in the LOS direction rather than of the vertical
rise and fall of mining area deformation.

)e above problems are mainly due to the decoherence
of the data during differential interference. )e location of
the study mine is a low-lying gully, and the Sentinel-1A data
used in this case are ascending, which has resulted in a
significant amount of shadowing, layover, and fore-
shortening [16] due to the topography. In addition, there are
a number of limitations inherent [14, 16] to InSAR defor-
mation measurements, including various other phase and
noise effects, as well as the correct/incorrect setting of pa-
rameters during processing. )e influence of the phase
manifests itself in the atmospheric phase, the noise of the
system itself, and in the terrain phase [16, 21]. )e influence
of the parameter settings is mainly in the correct setting of
the multiview numbers, the selected filtering methods, and
the choice of phase unwrapping methods [66, 67]. )e
contributions of many scholars in recent years have led to an
increasing number of parameters [17] to be set, and how to
choose a set of parameters suitable for data processing in the
study area requires constant trial and error and summation
to obtain the optimal values.)e decoherence of the data will
result in the measured region being partially masked out and
thus appearing as a blank in the deformation result map.

)e results of deformation measurements are values in
the LOS direction [14], which are limited by the InSAR
measurements themselves. To obtain the real 3D defor-
mation information of the surface, it is necessary to use
simultaneous multisource data, multi-incidence angle data,
etc., to obtain deformation information along more direc-
tions in the study area, so that the true 3D information of the
surface can be solved with the mathematical model
[4, 36, 37].

)erefore, to obtain accurate 3D surface deformation
information, more data must be processed to obtain more
deformation information from different aspects, in addition

to combining field measurements, retrieving missing mea-
surements by spatial interpolation, etc.

6. Conclusions

In alpine and high-altitude regions, due to the development of
periglacial landforms such as ice field, ground ice, and rock
glaciers, open-pit mining involves extensive surface excavation
and massive accumulation of surface tailings, which can cause
substantial disturbance to the ecological environment and
loosen dangerous rocks around the mining site, thus posing a
series of potential threats and risks. In this paper, the defor-
mation information and annual average subsidence rate data of
a mining site in Tianshan Mountain from 25th December 2017
to 2nd January 2021 were obtained by SBAS-InSAR processing
of 89-scene Sentinel-1A ascending SLC data, and the mea-
surement results were compared with field GNSS deformation
measurements to verify the former’s measurement accuracy.
)e conclusions of this study are as follows:

(1) Deformation around the mine is significant com-
pared to the rest of the surrounding area. )e
maximum sedimentation rate in the study area was
44.8mm/a, and the maximum uplift was 28.04mm/
a. )e maximum sedimentation rate in the tailings
area was 35mm/a, and the maximum uplift was
25mm/a. )e active area, including the mining area,
had a maximum sedimentation rate of over 40mm/a
and an accumulation rate of 20mm/a.

(2) )e overall deformation in the study area is domi-
nated by subsidence, with the maximum subsidence
amount reaching 129.39mm during the three years.
)e uplift phenomenon is weaker than the subsidence
phenomenon, with a maximum uplift accumulation
of 60.49mm during the three years, which is about
half of the maximum subsidence. )e tailings accu-
mulation area and the active area are stacked sig-
nificantly at the foot of the hill near the mountain
area, which showed a three-year uplift of over 75mm,
and the tailings accumulation area distributed along
the river in the west settled significantly, with a three-
year settlement of over 80mm.

(3) )e deformation measurement results based on
SBAS-InSAR are highly accurate and can provide a
theoretical basis for environmental restoration and
safety measures for construction in mining areas.
Compared with GNSS measurements, the method is
less costly and less labor intensive. )e measurement
results cover a large area, including the entire mining
site and the surrounding environment, thus pro-
viding a macroscopic understanding of the impact of
mining activities on the surrounding environment.
)e data obtained from this method have the po-
tential for widespread use.

Data Availability
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other data are available from the corresponding author upon
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In this study, based on the background of massive freezing engineering in coastal strata, the thermal physical parameters and some
freezing laws of soil were obtained through soil thermal physical tests and frozen soil frost heaving tests. When the freezing
temperatures were −5°C, −10°C, −15°C, and −20°C, the frost heaving rates of the soil were 0.53%, 0.95%, 1.28%, and 1.41%, and the
frost heaving forces of the soil were 0.37MPa, 0.46MPa, 0.59MPa, and 0.74MPa, respectively. In the range of test conditions, the
frost heaving rate and the frost heaving force of the soil increased with the decrease of the freezing temperature, and the re-
lationship was roughly linear with the temperature. +e entire cooling process could be roughly divided into three stages: active
freezing stage, attenuation cooling stage, and stability stage. +e range of the frozen soil expansion did not increase linearly with
the decrease of the freezing temperature, and there was a limit radius for the frozen soil expansion. A three-dimensional finite
element model was established to simulate the temperature field and frost heaving of the soil under the on-site working
conditions. +e entire frost heaving process could be roughly divided into two stages. +e calculated temperature values and the
frost heaving force values were compared with the on-site measured values, and the results verified that the numerical calculation
could accurately reflect the temperature field and frost heaving law of the formation.

1. Introduction

Natural frozen soil is mainly formed by the freezing of water
in soil due to the low temperature of the natural environ-
ment. Artificial freezing is the use of artificial refrigeration to
make the soil around the freezing pipe freeze. +en un-
derground engineering construction is carried out under the
protection of the freezing curtain. +e artificial freezing
method is an effective underground construction method
that is widely used in mine construction and municipal
engineering. Frozen soil is an extremely temperature-sen-
sitive soil medium with rheological properties. Due to the

uneven distribution of moisture, soil can produce uneven
frost heaving deformation, accompanied by the generation
of a frost heaving force. Frost heaving can potentially cause
many engineering problems, including road cracking,
foundation damage, building tilt, freezing pipe fractures,
tunnel collapse, and pipeline fractures. In natural permafrost
areas, frost damage control is relatively passive, such as salt
injection to treat subgrade frost damage. Artificial freezing is
designed artificially, and its freezing range, temperature, and
time are controllable. +erefore, compared with natural
frozen soil, artificial freezing can better control the influence
of frost heaving and thawing settlement on the original
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environment and structures by controlling the freezing
volume, rapid freezing, setting pressure relief holes, thawing
settlement compensation grouting, and other measures.

Previous scholars have done a large amount of research
on the theory of frozen soil frost heaving and the law of
freezing and thawing, and they have achieved many results
[1–5]. Wang et al. [6–9] studied the frost heaving charac-
teristics and frost heaving force through frozen soil tests. Yue
et al. [10] studied the variation laws of frozen soil tem-
perature and frost heaving pressure. He et al. [11] put
forward the coupling equations of water, heat, and force in
the process of soil freezing. Xia et al. [12] andWang et al. [13]
analyzed the mechanical properties of frozen wall and
studied the uneven frost heaving. Many achievements have
been made regarding the theoretical derivation, field mea-
surement, and numerical simulation of freezing temperature
field [14–16]. Chen et al. [17–19] studied the law of the
temperature field of frozen soil and its influencing factors
based on a freezing project. Long et al. [20] carried out a
model test and obtained the development law of the tem-
perature. Zhang et al. [21] established a three-dimensional
temperature field model and proposed a new frost heaving
model. Li et al. [22] studied the optimal excavation time of
soil and the variations of the saltwater temperature, soil
temperature, surface performance, and tunnel deformation.
Hu et al. [23–26] established a frozen soil finite element
model to analyze the development law of the frozen tem-
perature field.

In this study, based on massive freezing engineering in
coastal strata, thermal physical tests and frost heaving tests
were carried out to obtain the soil thermal physical pa-
rameters and the frost heaving law. Moreover, 3D numerical
simulation was carried out to further explore the changes of
the freezing temperature field and frost heaving law of the
long connecting passage under the on-site freezing condi-
tions. +is study is expected to provide a reference for the
design and construction of freezing projects.

2. Overview of Freezing Engineering and Soil
Thermal Physical Parameters

2.1. Project Overview. In this study, a super long subway
connecting passage was taken as the engineering back-
ground. +e center distance of the connecting passage was
42.68m, and the main body of the passage was located in
silty soil and muddy sand. +ere were hot springs in the
strata, resulting in a high ground temperature about 40°C.
+e connecting passage was reinforced by horizontal
freezing and constructed with the mining method. +e cross
section of connecting passage and the freezing curtain is
shown in Figure 1.

+e excavation and the construction of the super long
connecting passage took a long time, which led to the long
freezing time for the freezing project. +e connecting
passage passed through a subway tunnel with a clear dis-
tance of about 7m. +erefore, in the construction process
of connecting passage, the accuracy of the frost heaving
control was required to be high. If large frost heaving
deformation were to occur, the building would be inclined

and cracked, the road or underground pipeline would be
damaged, and the safety of the existing tunnel would be
endangered, which would in turn cause a serious negative
social impact.

2.2. Soil 5ermal Physical Parameters. +e main thermal
physical parameters of each soil layer were obtained through
experiments. +e experimental results are shown in Table 1.

3. Frost Heaving Tests

3.1.Multifunctional FrostHeavingTestingMachine. +e tests
were carried out using a WDC-100 multifunctional frost
heaving testing machine, which was composed of a loading
system, a temperature control system, a moisture com-
pensation system, and a measurement system. +is machine
could control the applied force, cold temperature, and
ambient temperature. +e test machine and the sample
chamber are shown in Figures 2 and 3.

A cylindrical soil sample with dimensions φ50×100mm
is used, and the soil sample was placed in the sample
chamber, as shown in Figure 3. +ere was a set of devices at
the top and bottom of the soil sample. A refrigerant cir-
culating pipe and a temperature sensor were arranged inside
the device. +e cold source was formed by circulating the
refrigerant, and the temperature sensor monitored the
temperature. A row of evenly distributed temperature
measuring holes was set at the soil sample position of the
sample cylinder. +e distances between the temperature
measuring holes and the bottom of the sample were 0.50 cm,
1.75 cm, 3.00 cm, 4.25 cm, 5.50 cm, and 6.75 cm. +e tem-
perature acquisition probes extended into the soil through
the reserved temperature measuring hole to measure the
relationship between the temperature inside the soil and the
distance from the cold source.

3.2. Tests and Results Analysis. Single factor controlled frost
heaving tests were carried out with the upper load being
0.6MPa and the moisture content of the soil sample being
26%. +e freezing temperatures adopted five levels of −5°C,
−10°C, −15°C, −20°C, and −25°C, and the freezing time was
12 h. When considering the influence of the freeze-thaw
cycles on the soil, the freezing temperature was −15°C, and
the thawing temperature was 15°C.+e designed freeze-thaw
cycle was 24 h (12 h freezing and 12 h thawing) and the
number of freeze-thaw cycles was six.

3.2.1. Temperature Field. +e distribution of the soil tem-
perature field for different cold source temperatures is
shown in Figure 4, and the distribution of the soil tem-
perature field for the freeze-thaw cycles is shown in Figure 5.

Figure 4 reveals the following:

(1) +e entire cooling process could be roughly divided
into three stages: the active freezing stage, the at-
tenuation cooling stage, and the stability stage.

(2) In the initial stage of freezing, the temperature of the
soil was high and the temperature of the freezing
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tube was very low. +ere was a large temperature
difference between the freezing tube and the soil.+e
temperature gradient was large and the cooling rate
of the soil was very fast. +e active freezing stage was
a stage in which the soil temperature dropped
rapidly.

(3) With the decrease of the soil temperature, the
temperature gradient between the freezing pipe and
the soil decreased and the temperature rate of the soil
decreased more. +e water in the soil began to freeze
and release latent heat, and the soil entered atten-
uation cooling stage.

(4) As the freezing time went by, the soil temperature
continued to decrease. +e temperature difference
between the freezing pipe and the soil gradually
decreased and the heat exchange generally tended to
balance. +e soil temperature dropped slowly and
finally tended to be stable.

(5) +e tendencies of the temperature changes at dif-
ferent measuring points were roughly the same. +e
closer the location was to the cold source, the faster
the soil cooling rate was and the lower the stable
temperature was. When the temperature of the cold
source was −5°C, the final stable temperature of the
farthest measuring point (6.75 cm away from the

Connecting passage
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Freezing curtain
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Silty soil

Muddy sand
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–8.10

–10.00

–20.10
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50
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–15.8463
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R2750

–15.9526

Figure 1: Cross section of connecting passage and freezing curtain.

Table 1: +ermal physical parameters of soil layer.

Layer Soil properties Moisture
content (%)

Natural density
(g·cm−3)

+ermal
conductivity
(w·m−1°C−1)

Specific heat
(J·kg−1°C−1)

Freezing
temperature (°C)

13°C −10°C
1 Silt 55.38 1.98 1.327 1.423 1900 −2.3
2 Clay 24.79 2.13 1.470 1.651 1680 −1.5
3 Silty soil 44.04 2.04 1.286 1.731 1760 −1.8
4 Muddy sand 10.94 2.08 1.271 1.502 1520 −1.1

Figure 2: Appearance of the test machine.

Inner bladder Transmission plate Circulation tank

Temperature
probe

Permeable
plate

Water drainage
hole

Signal plug

Insulation
layer

Transmission plate

Figure 3: Structure of sample chamber.
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cold source) was 0.75°C and the final stable tem-
perature of the measuring points nearest to the cold
source (0.5 cm away from the cold source) was −3°C.

(6) +e lower the cold source temperature was, the faster
the soil temperature change rate was and the lower
the final stable temperature was. When the tem-
peratures of the cold source were −5°C, −10°C,
−15°C, and −20°C, the final stable temperatures of the
farthest measuring point (6.75 cm away from the
cold source) were 0.75°C, −3°C, −4°C, and −7.5°C,
respectively. +e temperature differences between
the stable temperatures and the corresponding cold
sources were 5.75°C, 7°C, 9°C, and 12.5°C, respec-
tively. +e lower the cold source temperature was,

the greater the temperature difference was. +is
showed that the range of frozen soil expansion did
not increase linearly with the decrease of the freezing
temperature, and there was a limit radius of frozen
soil expansion. When the radius was reached, the
frozen soil did not expand outward.

In the temporary frozen soil areas, with the seasons and
day and night temperature changes, natural frozen soils will
produce changes in freeze-thaw cycles. In the process of
artificial freezing, due to power failures, freezing pipe
fractures, salt water leakages, and other reasons, the freezing
process will be interrupted, and the frozen soil will thaw.
With measures taken to restore the freezing, the thawed
frozen soil will start to freeze again, and the freezing and
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Figure 4: Soil temperature field with different cold source temperatures. (a) −5°C. (b) −10°C. (c) −15°C. (d) −20°C.
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thawing processes will also occur. In this experiment, the
experimental conditions were closed and undrained, and the
amount of soil and water in the test tube did not change.
Under freeze-thaw cycles conditions, the soil temperature
field changed periodically.

3.2.2. Frost Heaving Rate. When the temperature was
−15°C, the relationship between the frost heaving rate and
time is shown in Figure 6.

It can be seen from Figure 6 that, during the beginning of
freezing, the frost heaving rate was reduced and became a
negative value; that is, the phenomenon of “freeze shrink-
age” occurred. +is phenomenon was caused by the negative
pore water pressure in the soil during the beginning of
freezing, which reduced the volume of the soil. When the
volume reduction caused by the negative pore water pressure
was greater than the increase caused by water freezing, the
total volume of soil decreased. After the freezing shrinkage
reached the critical point, the frost heaving began to occur in
the soil. +e frost heaving continued to increase and finally
tended to be stable. +e test results of the soil frost heaving
rate for different freezing temperatures are shown in Table 2.
+e values in Table 2 are the frost heave rates at the stable
stage of freezing, that is, the maximum frost heaving rates.

+e experimental data were plotted on a scatter plot, and
it was judged that the frost heaving rate and the freezing
temperature were approximately linearly related according
to the image. +erefore, linear fitting was performed to
obtain the correlation coefficient R Square� 0.98605, which
showed a good fitting effect. +e results of the fitting test are
shown in Figure 7.

Combining Table 2 and Figure 7, it can be seen that,
within the range of the test conditions, the frost heaving rate
of the soil became larger as the freezing temperature de-
creases, which was roughly linear.

3.2.3. Frost Heaving Force. When the temperature was
−15°C, the relationship between the frost heaving force and
time was as shown in Figure 8.

According to Figure 8, the frost heaving force of the soil
gradually increased with the freezing time and finally tended
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Figure 5: Soil temperature field with freeze-thaw cycles.
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Table 2: Frost heaving rate for different freezing temperatures.
Temperature (°C) −5 −10 −15 −20
Frost heaving rate (%) 0.53 0.78 1.22 1.41

Equation
Weight
Residual sum of 
squares
Pearson’s r
Adj. R2

B

y = a + b ∗ x
No weighting

0.00456

–0.99508
0.98529

Intercept
Slope

Value
0.23009

–0.06055

Standard erro
0.05831
0.00426
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Figure 7: +e relationship between the frost heaving rate and the
freezing temperature.
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to be flat. Due to the limitation of experimental instruments,
only the compressive stress could be detected.+at is, the frost
heaving force could be monitored at the stage of frost heaving
rate increasing. +e frost heaving force in the freezing
shrinkage stage could not bemonitored, and its value was 0 by
default. +e test results of the soil frost heaving force for
different freezing temperatures are shown in Table 3. +e
values in Table 3 are the frost heave forces at the stable stage of
freezing, that is, the maximum frost heaving forces.

+e experimental data were plotted on a scatter plot, and
it was judged that the frost heaving force and the freezing
temperature were approximately linearly related according
to the image. +erefore, a linear fitting was performed to
obtain the correlation coefficient R Square� 0.97396, which
showed a good fitting effect. +e results of the fitting test are
shown in Figure 9.

Combining Table 3 and Figure 9, it can be seen that, within
the range of the test conditions, the frost heaving force of the
soil increased with the decrease of the freezing temperature,
which was roughly linear. In the experiment, the maximum
frost heaving rate and themaximum frost heaving force of each
layer of soil samples at −10°C were as shown in Table 4.

4. Numerical Simulation Analysis of
Thermomechanical Coupling

4.1. Model Parameters. A three-dimensional numerical
model was established to simulate the variation law of the
formation temperature field and the frost heaving caused by
the actual freezing condition. Taking the vertical plane
passing through the longitudinal axis of the connecting
passage as the symmetry plane, the 1/2 finite element model
was established.+ematerial thermal physical parameters of
each part are shown in Table 5.

4.2. Model Building. +e finite element model was estab-
lished according to the actual situation of the freezing
project. +e model of the tunnel and the freezing pipes is

shown in Figure 10, and the finite element model after
meshing is shown in Figure 11.

4.3. Numerical Simulation Analysis of Temperature Field.
A transient thermal calculation was carried out for the
development of the soil temperature field in the active
freezing period. +e distribution cloud charts of the soil
temperature field were selected when the freezing times were
15 d, 30 d, 45 d, and 60 d, with 15 d as the interval, as shown
in Figure 12.

When freezing, the temperature of the soil around the
freezing pipes began to drop rapidly, and the frozen soil
cylinder was gradually formed around the freezing pipes.
With the increase of the freezing time, the frozen soil cyl-
inder developed outward along the radial direction of the
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Figure 8: +e relationship between the frost heaving force and
time.

Table 3: Values of frost heaving forces at different temperatures.
Temperature (°C) −5 −10 −15 −20
Frost heaving force (MPa) 0.37 0.46 0.64 0.74

Equation
Weight
Residual sum of
squares
Pearson’s r
Adj. R2

B

y = a + b ∗ x
No weighting

0.00154

–0.99079
0.9725

Intercept
slope

Value
0.23266

–0.02561

Standard erro
0.03388
0.00247
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Figure 9: +e relationship between the frost heaving force and the
freezing temperature.

Table 4: Frost heaving test results.

Layer Soil
properties

Frost heaving rate
(%)

Frost heaving force
(MPa)

1 Silt 0.92 0.71
2 Clay 0.78 0.46
3 Silty soil 0.76 0.57
4 Muddy sand 0.69 0.15
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freezing pipes. After 30 days, most of the adjacent frozen soil
had intersected, and areas with the higher temperature
gradually decreased with the continuous freezing. When the
freezing time reached 60 days, the thickness of the freezing
curtain could reach the design requirement of 2.1m.

4.4. 5ermal-Mechanical Coupling Simulation and Analysis.
To explore the coupling evolution law of the freezing
temperature field and soil displacement field, the thermal-
mechanical coupling solution was carried out. +e distri-
bution of the soil displacement field under the thermal load
is shown in Figure 13.

+e frost heaving of the soil around the freezing pipes
was caused by freezing, and because of the uneven distri-
bution of the freezing pipes, the overall frost heaving was not
uniform. When freezing for 15 days, the larger frost heaving
areas were scattered. When freezing for 30 days, the freezing
curtain gradually intersected. +e frost heaving areas also
showed a homogenization phenomenon and gradually
gathered and merged. When freezing for 60 days, the frost
heaving areas at the top were connected as a whole, showing
a phenomenon of the middle parts being large and the two
sides being small. +en as the freezing continued, the frost
heaving areas were further homogenized and gradually
spread from the middle area to both sides, finally becoming
steady.

According to the calculation results, the maximum frost
heaving of the strata occurred above the middle of the
connecting passage. To further analyze the distribution law
of the frost heaving at this position, the displacement du-
ration curve of the maximum displacement area was drawn
for analysis, as shown in Figure 14. +e whole frost heaving
process could be roughly divided into two stages. +e first
was the frost heaving generation stage, during which the
frost heaving began to slowly increase. +e second stage was
the frost heaving development stage, during which the frost
heaving began to increase rapidly and reached the maximum
value of 193.03mm in 65 days.

5. Comparative Analysis of Measured Data

5.1. Freezing Temperature Field Measurement. To accurately
understand the development law of the freezing curtain in
the long connecting passage, temperature measuring points
were arranged in the surrounding strata to obtain the
temperature field data of the freezing curtain. +e layout of
the freezing holes and the temperature measuring holes on
the left side of the connecting passage are shown in
Figure 15.

+e temperature measuring points were arranged at 5m,
12m, and 19m of the hole depth to monitor the develop-
ment of the temperature field at different depth sections.+e
temperature measuring points were numbered Ti−j, the
labels i� 1–8 were used according to the different temper-
ature measuring holes, and the labels j� 1–3 were used
according to different positions of 5m, 12m, and 19m along
with the hole depth.+e temperature measuring hole T5 was
located at the edge of the excavation area, and T7 was located

Table 5: Material thermal physical parameters.

Material
Specific heat capacity

C (kJ·kg−1·k−1)

+ermal
conductivity
K (w·m−1·k−1)

Enthalpy
H (×106 Jm−3)

−30∼−3°C 0∼40°C −30°C 40°C −30°C −3°C 0°C 40°C
Miscellaneous fill 1.30 1.50 1.40 1.10 0 63.8 187.8 269.6
Silt 1.70 1.90 1.49 1.31 0 71.6 415.0 504.7
Clay 1.48 1.68 1.67 1.44 0 72.7 294.0 386.1
Silty soil 1.54 1.76 1.82 1.23 0 67.2 389.8 473.6
Muddy sand 1.18 1.52 1.53 1.24 0 91.3 320.2 432.8
Tunnel segment 0.97 1.28 —

1
Areas
Type num

ANSYS
R17.0

Plot no. 1

Figure 10: Freezing pipes and tunnel model.

1
Elements

ANSYS
R17.0

Plot no. 1

Figure 11: Model meshing.
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at the edge of the nonexcavation area. +e temperature and
time relationship curves of the measuring points at different
depths are shown in Figures 16 and 17.

+e temperature trends for T5 and T7 temperature
measuring holes were basically the same, and the entire
freezing process could be divided into the active freezing
stage, the attenuation cooling stage, and the stability stage. In
the active freezing stage, the formation temperature de-
creased rapidly, lasting for about 40 days. In the attenuation
cooling stage, the temperature of the formation was close to
0°C, and the moisture in the soil began to solidify into ice.
Due to the effect of the latent heat of the phase change, the
temperature slowed down. In the stability stage, the for-
mation temperature dropped to a negative temperature, and
the latent heat of the phase change was completed. +e soil

temperature continues to slow down and finally tended to be
stable.

+e temperature at the T4-3 measuring point was cal-
culated with finite element software and compared with the
measured temperature, as shown in Figure 18.

In the early stage of active freezing, there was a certain
difference between the simulated temperature and the
measured temperature. +e temperature drop curve of the
finite element simulation was smoother, but the change of
the measured temperature drop curve was more violent.
During the late stage of the active freezing period and the
maintenance freezing period, the simulated temperature and
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Figure 14: +e displacement duration curve.

T1
T2

T4

T6

T8

T13
T11

L Freezing hole
T Thermometric hole
Y Pressure relief hole

T7

T5

Y Y

Y Y
T9

T3

T10

Figure 15: Holes on the left side of the connecting passage.

0 20 40 60 80 100
–10

0

10

20

30

40

The stability
stage

The attenuation
cooling stage

Te
m

pe
ra

tu
re

 (°
C)

Time (d)

T5-1
T5-2
T5-3

The active 
freezing stage

Figure 16: Relationship between temperature and time for T5.

0 20 40 60 80 100

–10

0

10

20

30

40

The stability
stage

The attenuation
cooling stage

The active
freezing stage

Te
m

pe
ra

tu
re

 (°
C)

Time (d)

T7-1
T7-2
T7-3

Figure 17: Relationship between temperature and time for T7.

Advances in Materials Science and Engineering 9



the measured temperature almost coincided. +erefore, the
numerical simulation described above could accurately re-
flect the variation of the soil temperature field.

5.2. Frost Heaving Measurement. Forty-one monitoring
points were arranged on the ground surface within the
freezing influence range of the connecting passage to study
the frost heaving law of the freezing project.+e layout of the
monitoring points is shown in Figure 19.

+e measuring points DZ5-1−DZ5-7 were located in the
middle of the connecting passage, where the frost heaving
was more severe. +e measuring points DZ5-1−DZ5-4 were
selected as the research object to analyze the distribution law
of frost heaving during the freezing period. +e distances
between DZ5-1−DZ5-7 were 3m, 5m, and 7m, respectively.
+e measured surface deformation values are shown in
Figure 20, and the surface frost heaving duration distribu-
tion is shown in Figure 21.

+e process of surface uplift caused by frost heaving
could be divided into a rapid growth stage and a steady
growth stage. +e rapid growth stage corresponded to the
early and late stages of the active freeze period. +e stable
growth stage corresponded to the maintenance freeze pe-
riod, during which the soil temperature was basically stable
and the frost heaving was also in a relatively stable state.

+e numerical model was used to further study the frost
heaving law of frozen soil, and the accuracy of the numerical
model was evaluated by comparing the model with the field
measured data. +e numerical calculation was carried out
with the corresponding model position of the DZ5-4
measuring point, and the comparative analysis was carried
out with the measured value, as shown in Figure 22.

It can be seen from Figure 22 that there was a small
deviation in the middle part, and the initial stage and the
final stage were relatively consistent. Generally speaking, the
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final calculation results of the numerical simulation were
consistent with the measured data. +erefore, the above
numerical simulation could accurately reflect the law of soil
frost heaving caused by freezing.

6. Conclusions

+e temperature field and the frost heaving characteristics
are the keys to the study of the freezing method. +e
temperature field is the most direct inducement for the
formation and development of freezing curtain, and frost
heaving can cause structural deformation and damage. In
this study, the thermal physical parameters and the frost
heaving parameters of soil were obtained through the soil
thermal physical tests and frozen soil frost heaving tests. A
three-dimensional finite element model was established to
simulate the temperature field and frost heaving changes of
soil under on-site working conditions, and the model was
further compared with the field measured values.

(1) +ermal physical tests and frost heaving tests for
frozen soil were carried out to study the temperature
field, frost heaving rate, and frost heaving force of
soil during frost heaving.

(2) +e entire cooling process could be roughly divided
into three stages: the active freezing stage, the at-
tenuation cooling stage, and the stability stage. +e
range of frozen soil expansion did not increase
linearly with the decrease of the freezing tempera-
ture, and there was a limit radius for the frozen soil
expansion. When the radius was reached, frozen soil
did not expand outward. For the freeze-thaw cycle,
the soil temperature changed periodically.

(3) When the freezing temperatures were −5°C, −10°C,
−15°C, and −20°C, the frost heaving rates of soil were
0.53%, 0.95%, 1.28%, and 1.41%, and the frost
heaving forces of the soil were 0.37MPa, 0.46MPa,

0.59MPa, and 0.74MPa, respectively. In the range of
test conditions, the frost heaving rate and the frost
heaving force of the soil increased with the decrease
of the freezing temperature, and the relationship was
roughly linear with the temperature.

(4) +e development of the formation temperature field
could be divided into three periods. In the early stage
of active freezing, the formation temperature de-
creased rapidly. In the late stage of active freezing,
the temperature dropped slowly. In the maintenance
freezing period, the temperature tended to be stable.

(5) In the finite element model, the calculated temper-
ature value corresponding to the T4-3 measuring
point was compared with the measured temperature,
and the calculated frost heaving value corresponding
to the DZ5-4 measuring point was compared with
the measured value, which verified the fact that the
numerical calculation could reflect the temperature
field change and the frost heaving law of the for-
mation accurately.
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In the electroosmosis method, when the distance between the opposite electrode and the same electrode is equal, the two-
dimensional effect of electroosmotic consolidation is significant, and the use of one-dimensional model will overestimate the
potential gradient, making the calculated pore pressure value too large. Aiming at this problem, according to the electrode
arrangement rule and the minimum composition, a punctiform electrode unit model is proposed, and electroosmotic experiments
are carried out on the symmetric and asymmetric unit models. +e two-dimensional electroosmotic consolidation governing
equation of the punctiform electrode unit is established. +e electric potential field of the electrode unit and the finite element
form of the electroosmotic consolidation equation are given by the Galerkin method. +e PyEcFem finite-element numerical
library is developed using Python programming to calculate. +e research results show the following: (1) +e two-dimensional
effect of the potential field distribution of the punctiform electrode unit is significant. +e reduction of spacing of the same nature
electrode in the symmetrical unit can make the potential distribution close to a uniform electric field.+e asymmetry prevents the
electric potential field distribution from being reduced to a one-dimensional model. (2) +e number of anodes will affect the
electroosmosis effect of the soil. +e more the anodes, the better the electroosmosis reinforcement effect of the soil, and the
distribution of negative excess pore water pressure will be more uniform. (3) In the early stage of electroosmosis, the more the
drainage boundaries, the faster the generation of negative pore pressure, but in the middle and late stages of electroosmosis, the
potential value becomes the decisive factor, and the amplitude of negative pore water pressure in asymmetric units is higher than
that in symmetric units. +e potential distribution will not affect the degree of consolidation but will affect the extreme pore
water pressure.

1. Introduction

Electroosmosis drainage reinforcement method is a good
method to deal with low-permeability soft soil [1]. In 1939,
Casagrande [2] applied this method to practical engineering
for the first time and achieved success. Since then, it had
attracted the attention of many scholars and carried out a
large number of experimental studies. +ese experimental
studies mainly focused on the influencing factors of elec-
troosmosis method [3], the characteristics of soil after
electroosmosis treatment [4], and how to improve the ef-
ficiency of electroosmosis method [5]. On the basis of
previous experimental research experience, the subsequent
scholars further carried out the theoretical research of

electroosmotic consolidation. +e theory of electroosmotic
consolidation greatly promoted the application of electro-
osmotic method and deepened people’s understanding of
electroosmotic method.

One-dimensional electroosmotic consolidation theory
was proposed by Esrig [6], which is based on Terzaghi’s
seepage consolidation principle. Electroosmotic and hy-
draulic seepage meet the linear superposition principle, and
the dissipation law of excess pore water pressure under
electroosmotic action is given. Most of the subsequent re-
searches on electroosmotic consolidation theory are based
on the classical Esrig theory. Lewis and Humpheson [7]
introduced the change of the current and solved the elec-
troosmotic consolidation theory. Wan and Mitchell [8]
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established the theory of electroosmotic consolidation under
surcharge condition and demonstrated the feasibility of
electrode reversal, which can effectively reduce the energy
consumption of electroosmotic. Shang [9] proposed a two-
dimensional theoretical model of vertical electroosmosis
under surcharge condition, which can effectively improve
the soil reinforcement effect through the combination of
surcharge and electroosmosis. Su and Wang [10] extended
the one-dimensional electroosmotic consolidation theory
to the two-dimensional model based on the idea of par-
tition and initially established the two-dimensional elec-
troosmotic consolidation theory. Li et al. [11] established
the electroosmotic consolidation equation in the axisym-
metric model and gave the analytical solution, which
further developed the consolidation theory of surcharge
combined electroosmotic method. Wu et al. [12] based on
Biot’s theory, the stress of soil under electroosmosis was
calculated, and the change of soil properties caused by
chemical change was considered in the model. During the
electroosmosis drainage process, the soil gradually changed
from the initial saturated state to the unsaturated state, so
the saturation changed. +e electroosmotic consolidation
model considering the change of saturation is proposed
[13], which makes the calculation results closer to the real
situation. On the basis of the above saturation changes, the
large deformation theory is introduced to improve the
influence of soil properties changes in the process of
electroosmotic consolidation by Deng and Zhou [14] and
Zhou et al. [15–17]; the change of soil saturation also
attracted the attention of Wang et al. [18]. In the two-
dimensional model, the vacuum preloading method was
introduced into the electroosmotic consolidation model,
and the governing equation of this case was given and
solved analytically by Wang et al. [19]. Sheng et al. [20]
carried out experimental research on the two-dimensional
potential distribution of electroosmotic under the action of
plastic electrode plate, and the two-dimensional electro-
osmotic consolidation was calculated through the mea-
sured values. +e potential attenuation in the process of
electroosmosis will lead to the increase of energy con-
sumption, which is discussed by Yang and Dong [21].+ese
studies improve the theory of electroosmotic consolidation
and provide theoretical support for the engineering ap-
plication of electroosmotic method. However, most of the
existing researches on electroosmotic consolidation theory
are based on one-dimensional model. Electroosmotic
consolidation is largely affected by the electrode arrange-
ment. When the same electrode spacing is equal to that of
the opposite electrode, the potential attenuation of soil
between the same electrode is more obvious, and the two-
dimensional effect is significant. If one-dimensional model
is used to describe the electroosmotic consolidation, the
deviation caused by this simplification is not obvious at
present in essence. +e two-dimensional electroosmotic
consolidation model based on the idea of partition can only
be applied to the electroosmosis with parallel arrangement
and cannot be used to calculate the electrode polarity in the
case of asymmetry. +ese problems are still in lack of
detailed and in-depth quantitative research. +erefore, it is

urgent to establish a two-dimensional electroosmotic
consolidation theory which can describe the electrode
arrangement.

In this paper, on the basis of previous studies,
according to the electrode composition and electrode
polarity, the parallel and rectangular electrode arrange-
ment is transformed into a punctiform electrode unit
model. Taking the punctiform electrode unit as the re-
search object, the electroosmotic consolidation tests of
symmetric unit and asymmetric unit are carried out, and
the potential distribution and pore pressure are measured.
According to the punctiform electrode unit model, the
two-dimensional electroosmotic consolidation equation
is established, and the corresponding initial conditions
and boundary conditions are given. +e governing
equation is discretized by Galerkin’s method, which ex-
presses the finite element form of governing equation.
Python is used to program the numerical calculation li-
brary for solving the electroosmotic consolidation of
punctiform electrode unit. +e two-dimensional potential
field and pore pressure field of electroosmosis are cal-
culated. +ese researches on electroosmotic consolidation
of punctiform electrode unit can provide some theoretical
support for the engineering application of electroosmotic
method.

2. Materials and Methods

2.1. Experimental Materials. In order to study the potential
distribution and pore water pressure distribution of elec-
trode unit with different electrode composition, two groups
of experiments were carried out. +e first model is sym-
metrical unit, which has two anodes and two cathodes. +e
second group contains three anodes and one cathode. +e
length and the width of the model box are all 50 cm, and the
height is 25 cm, which is made of plexiglass. +ere are four
electrode rod sockets at the corresponding position at the
bottom of the model box, and a 40 cm × 40 cm rectangle is
formed between the electrodes (see Figure 1). +e metal
probe is made of iron wire with a height of about 22 cm,
which is used to measure the potential value at a certain
point of the soil. Four probes about 1 cm away from the
electrodes are used to measure the interface loss voltage in
the process of electroosmosis. +e rest of the metal probes
are rectangular distribution, with vertical and horizontal
spacing of 13.33 cm (see Figure 2(a)). +e anode is made of
iron metal rod with a diameter of 20mm, the cathode is
made of stainless-steel tube with an outer diameter of
20mm, and the electrode length is 22 cm (see Figure 2(b)).
+ere are drainage holes on the wall of the cathode tube for
the discharge of pore water. +e water-collecting box is used
to collect the water from the cathode, and the quality of the
discharged water can be measured in real time through an
electronic scale. Micropore water pressure sensors are used
to measure pore pressure during electroosmosis, and the
maximum range of sensor is from −100 kPa to 100 kPa.

+e other devices used include a DC power supply (PS-
605D) and a multimeter. +e maximum output voltage of
the DC power supply was 60V, and the maximum output
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current was 3A. +e multimeter was used to measure the
potential value of the soil.

+e soil sample used in the test is remolded silt soil,
which is taken from a foundation pit in Lanzhou. +e
particle size distribution of the soil is shown in Figure 3. +e
initial moisture content of the soil sample is 29.37%, the
filling height of the soil sample in the test is 20 cm, and the
soil parameters are shown in Table 1.

2.2.ExperimentalMethods. +e experimental study contains
two experimental models, one is the electroosmosis test of
the symmetric unit, and the other is the electroosmosis test
of the asymmetric unit. In the asymmetric test group, due to
the development of soil cracks, the pore pressure sensor
became 0 at the 51st hour. +erefore, the electroosmosis
duration of the two groups of tests was determined to be 51
hours. Both sets of test power supply voltages are 48V.
Except for the electrode polarity, the other test parameters
are the same in the two experimental models.

First of all, the soil sample should be treated. +e silt soil
was dried and crushed to remodel, and water was added to
make the soil saturated. After resting for 48 hours, the
average moisture content of the soil sample was about

(a) (b) (c)

Figure 2: Electroosmotic consolidation model test. (a) Electroosmosis model box. (b) Metal electrodes. (c) Micropore water pressure
sensors.
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Figure 1: Schematic diagram of electroosmosis test device.
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Figure 3: Soil particle size distribution curve.

Table 1: Physical properties of soil samples.

Specific gravity Liquid limit (%) Plastic limit (%) Saturation
2.57 27 17 0.96
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29.37%, and soil sample saturation was 0.96. +e electrode
was inserted into the small hole in the model box for fixing,
and the electrodes were connected with the DC power
supply through the wire. +e soil was layered into the model
box, and the sample height was 20 cm. +e water discharged
in the process of electroosmosis flowed out from the cathode
and was collected by the water collecting box. +e reading
interval of drainage quality was two hours, and the mea-
surement is carried out in the daytime, meanwhile. +e
potential of each metal probe was measured by a multimeter
to describe the potential distribution. +e pore pressure
sensor could continuously record the pore pressure in real
time, and the sampling frequency was 1/60Hz. After the
electroosmosis test, the moisture content of soil was mea-
sured at each metal probe position.

3. Experiment Results

+e amount of pore water discharged during the electro-
osmosis process can be read through an electronic scale. +e
soil samples used in the two experiments and the applied
voltage are the same. +ere is only one cathode in the
symmetrical unit, and the pore water is discharged at the
cathode. In the asymmetric unit, there are two cathodes, and
pore water converges at the two cathodes. Figure 4(a) shows
the change curve of the quality of discharged water during
the electroosmosis process. +e drainage rate in the sym-
metric unit was slightly higher than that in the asymmetric
unit before the first 30 hours, but the deviation was smaller.
After 30 hours, the drainage rate of the symmetrical unit
decreased quickly. After the test, the quality of the dis-
charged water from the asymmetrical unit was slightly
higher than that of the symmetrical unit by about 6.9%.
During the electroosmosis process, the current generally
showed a decreasing trend. However, in the first 8 hours, the
currents of the two groups of tests showed an increase (see
Figure 4(b)). +is phenomenon was caused by the salt
content of the soil sample, which was also discovered by
other researchers [22]. +e current began to decrease after
reaching the peak value; at the end of the electroosmosis, the
current was lower than the current value at the beginning of
the test. +e current of the symmetric unit was reduced by
31.8%, and the current of the asymmetric unit was reduced
by 44.5%. +e drainage effect of asymmetric units is higher
than that of symmetric units.+emore the anodes, the better
the effect of electroosmosis reinforcement. +e water con-
tent at different positions of the soil after electroosmosis also
confirms this conclusion, as shown in Table 2.

A metal probe is placed about 1 cm away from the
electrode to measure the interface voltage in the electro-
osmotic model. Figure 5 is a graph of potential changes at
positions 0, 3, 12, and 15 of the metal probes. In the
symmetrical unit test, the electric potentials of the two
cathodes are relatively consistent, and both attenuate with
the progress of electroosmosis, with a decrease of 76.9%. At
the probes near the two anodes, the electric potentials also
show a decreasing trend, with an average decrease amplitude
is 34.3% (see Figure 5(a)). In the asymmetric unit, the
distance between the three anodes and the cathode is

different, which makes the pore water seepage path different.
+e anode with a longer distance will have a lower drainage
rate than the other two anodes, and the moisture content of
the soil will affect the soil. +erefore, the potential at the
anode farther away increases with the progress of electro-
osmosis, and the amplitude is about 16.4%. +e other two
anode potentials are decreasing, with an average decrease of
40.8% (see Figure 5(b)). +ere is only one cathode in the
asymmetric unit, and its potential value is reduced by 61.4%.

+e effective voltage is the voltage that is really applied to
the soil.+e contact voltage between the electrode and the soil
will make the actual electroosmotic voltage to be lower than
the power supply voltage. +is problem will increase the
energy consumption of electroosmosis.+e potential values at
several metal probes are converted into an effective voltage;
that is, the zero-potential-energy surface is selected as the
probe at the cathode to obtain the effective voltage change of
the electroosmosis test, as shown in Figure 6. +e effective
voltage in the symmetrical unit continues to decrease, with an
average decrease of 25.4% (see Figure 6(a)). +e effective
voltage decreases faster in the early stage of electroosmosis
and changes more slowly in the later stage. In the asymmetric
unit, the effective voltage of anode 1 and anode 2 (see
Figure 6(b)) showed a downward trend, with an average
decrease of 35.8%, while the effective voltage of anode 3,
which is farther from the cathode, increased by 44.9%.

+e metal probes arranged in the box can obtain the
potential distribution of the electrode unit. Figure 7 shows
the measured potential distribution of the unit at the be-
ginning of electroosmosis. In the symmetric unit (see
Figure 7(a)), the electrodes are arranged symmetrically, so
the potential distribution has good symmetry, and the po-
tential gradient changes little near the cathode. In the
asymmetric unit (see Figure 7(b)), the reduction of the
potential is affected by the electrode arrangement and does
not have a symmetrical characteristic. When the distance
between the same electrode and the opposite electrode of the
punctiform electrode unit is equal, the electric potential
distribution of the unit has a strong two-dimensional
characteristic, and the electric field distribution is signifi-
cantly different from a uniform electric field.

Figure 8 shows the measured pore water pressure during
the electroosmosis process. +e change rate of the pore
pressure of the symmetric unit is lower than that of the
asymmetric unit. +e asymmetric unit contains three an-
odes, and the drainage rate is faster. +e more the anodes,
the better the soil electroosmosis effect. +e pore pressure of
the symmetric unit changes from 1.08 kPa to −17.01 kPa, and
the pore pressure of the asymmetric unit changes from
1.465 kPa to −21.53 kPa. With the same electroosmosis
conditions and time, the reinforcement effect of asymmetric
units is better than that of symmetric units. +e more the
anodes, the better the electroosmosis drainage effect.

4. Electroosmotic Consolidation Equation and
Calculation Method

4.1. Governing Equation. +e electroosmosis test of the
punctiform electrode unit shows that there is a clear
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difference between the electric potential distribution and
the uniform electric field. If the one-dimensional electro-
osmotic consolidation theory is used for calculation, the
influence of the electric potential distribution on the pore
pressure cannot be reflected. +erefore, it does have pos-
itive significance to establish the two-dimensional unit

theory of electroosmotic consolidation. +e model still
satisfies the assumptions in the Esrig theory, the soil is
considered to be isotropic, the hydraulic seepage meets
Darcy’s law, and the relationship between the electroos-
mosis and hydraulic seepage meets the linear superposition
principle.
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Figure 5: Electrode potential change curve. (a) Symmetrical unit model. (b) Asymmetrical element model.
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Figure 4: Test of the actual displacement and current.

Table 2: Soil moisture content on the diagonal of the unit.

Test model Position 15 (%) Position 10 (%) Position 5 (%) Position 0 (%)
Symmetric unit 19.64 20.65 22.27 26.72
Asymmetric unit 18.42 19.68 21.14 26.39
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+e change in soil volume is equal to the volume of pore
water flowing out. +e outflow of pore water of the mi-
croelement body per unit time is shown in the following
equation:

ΔQ �
zvx

zx
dx · (dy · 1) +

zvy

zy
dy · (dx · 1), (1)

where ΔQ is the volume of water flowing out per unit time,
vx is the seepage velocity in the x-direction, vy is the seepage

velocity in the y-direction, and dx and dy are the lengths of
the infinitesimal body in the x- and y-directions,
respectively.

+e change of soil volume per unit time ΔV is as follows:

ΔV �
zεv

zt
(dx · dy · 1) � −mv

zu
zt

(dx · dy · 1), (2)

where ΔV is the change in soil volume per unit time. εv is the
volumetric strain of the soil. mv is the volumetric
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Figure 7: Potential distribution of test model. (a) +e potential distribution of the symmetric unit. (b) +e potential distribution of the
asymmetric unit.
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compressibility of the soil. u(x, y, t) is the pore water
pressure function.

According to the principle of water flow continuity,
ΔV � ΔQ, the following equation can be obtained from
formulas (1) and (2):

zvx

zx
+

zvy

zy
� −mv

zu

zt
. (3)

In the process of electroosmosis, both hydraulic seepage
and electroosmosis will cause the flow of pore water. +ese
two flows satisfy the principle of linear superposition. +e
soil permeability coefficient is equal in two directions, and
the electric permeability coefficient is the same in both
directions. Equation (4) is as follows:

vx � vhx + vex � −
kh

cw

zu

zx
+

zϕ
zx

 , (4)

where vx is the velocity of hydraulic seepage in the x-direction,
vexis the water flow velocity caused by the electric potential
gradient in the x-direction, kh is the permeability coefficient of
soil, ke is the electric permeability coefficient, and cw is the
weight of water, and Φ is the potential function.

In the same way, the speed expression in the y-direction
can be obtained in the following form:

vy � vhy + vey � −
kh

cw

zu

zy
+

zϕ
zy

 . (5)

Substituting formula (4) and (5) into (3), the two-
dimensional electroosmotic consolidation governing
equation can be obtained:

z
2
u

zx
2 +

cwke

kh

z
2ϕ

zx
+

z
2
u

zy
2 +

cwke

kh

z
2ϕ

zy
2 �

mvcw

kh

zu

zt
. (6)

In order to solve the governing equation, the imaginary
ζ(x, y, t) function is introduced to transform equation (6).
+e ζ(x, y, t) expression is shown in the following equation:

ζ(x, y, t) � u(x, y, t) +
cwke

kh

ϕ(x, y). (7)

Combining equation (7) with equation (6), the gov-
erning equation of ζ(x, y, t) can be expressed:

Ch

z
2ζ

zx
2 +

z
2ζ

zy
2  �

zζ
zt

, (8)

where Ch is the soil consolidation coefficient, Ch � kh/mvcw.
Equation (8) is the governing equation for two-dimensional

electroosmosis consolidation. +is equation is a parabolic
partial differential equation. +e equation can be solved by
combining boundary conditions and initial conditions. After
solving ζ(x, y, t), equation (6) can be used to calculate the pore
water pressure distribution u(x, y, t).

4.2. Boundary Conditions and Initial Conditions. +e two-
dimensional electroosmotic consolidation model of the
electrode unit is shown in Figure 9. +e origin of the co-
ordinate system is point O, the length in the x-direction is L,
and the width in the y-direction is W.

In the punctiform electrode unit, the geometric size of
the electrode is much smaller than the size of the unit, so the
electrode can be regarded as a point. +e opening of the
cathode can drain water. At the cathode, the pore water
pressure is 0 and the potential value is 0, which meets the
Dirichlet condition. +e anode is an undrained boundary,
and the seepage velocity at the anode is 0, which satisfies the
Neumann boundary condition. +e points on the boundary
other than the electrode position are unconstrained. +e
boundary conditions of the symmetric unit can be obtained
as follows:

ζ(0, 0, t) � u(0, 0, t) +
cwke

kh

Φ(0, 0) � 0, (9a)

ζ(L, 0, t) � u(L, 0, t) +
cwke

kh

Φ(L, 0) � 0, (9b)

ζx(0, W, t) + ζy(0, W, t) � 0, (9c)

ζx(L, W, t) + ζy(L, W, t) � 0. (9d)

+e boundary conditions of the asymmetric unit are

ζ(0, 0, t) � u(0, 0, t) +
cwke

kh

Φ(0, 0) � 0, (10a)

ζx(L, 0, t) + ζy(L, 0, t) � 0, (10b)

ζx(L, W, t) + ζy(L, W, t) � 0, (10c)

ζx(0, W, t) + ζy(0, W, t) � 0. (10d)
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Figure 8: Picture of electroosmotic excess pore water pressure.
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According to formula (7), the initial conditions of the
ζ(x, y, t) equation can be obtained. +e initial conditions of
both the symmetric unit and the asymmetric unit can be
expressed as follows:

ζ(x, y, 0) � u(x, y, 0) +
cwke

kh

Φ(x, y). (11)

4.3.0e Finite-Element Form. +e initial conditions include
the electric potential distribution function Φ(x, y). To solve
the two-dimensional electroosmotic consolidation problem,
the electric potential field must be calculated first. In one-
dimensional electroosmotic consolidation, the electric field
is a uniform electric field, and the potential distribution is
linearly reduced. But for the punctiform electrode unit, it is
necessary to solve the boundary value problem under the
action of the point electrode based on the electrostatic field
theory. Since the boundary conditions of the potential field
and the pore pressure field in the two-dimensional elec-
troosmosis model of the punctiform electrode unit are in the
form of discrete points, it is difficult to use analytical so-
lutions. +e finite element method is used here for obtaining
numerical calculation. For the electric potential field, it
satisfies the Laplace equation; see the following equation:

z
2Φ

zx
2 +

z
2Φ

zy
2 � 0. (12)

+e Galerkin method is used to discretize the equation.
+e finite-element shape is a three-node triangular element,
and the corresponding shape function is

Φ(x, y) � N1 N2 N3  · φ1 φ2 φ3 
T

� N{ } · φ 
T
,

(13)

where N{ } is the shape function vector and φ  is the po-
tential vector at the node of the element.

+e strong formulation of equation (12) is

B
Ω
N{ }

T
·

z
2Φ

zx
2 +

z
2Φ

zy
2 dxdy � 0. (14)

Applying Green’s formula to equation (12), when it is a
homogeneous boundary condition, the weak form corre-
sponding of Laplace equation can be obtained:

B
Ω

z N{ }
T

zx

zΦ
zx

+
z N{ }

T

zy

zΦ
zy

 dxdy � 0. (15)

Combining equations (13) and (15), the finite-element
form of the electric potential field governing equation is
obtained:

B
Ω

z N{ }
T

zx

z N{ }

zx
+

z N{ }
T

zy

z N{ }

zy
 dxdy · φ 

T
� 0. (16)

+e stiffness matrix of the element can be obtained by
formula (16), and the total stiffness matrix is obtained
through integration. +e electric potential boundary con-
dition is the Dirichlet condition, which is introduced into the
linear equation system through the Lagrangian penalty
function method, so that the electric potential field of the
element can be calculated distributed. On the basis of the
electric potential field distribution, the initial conditions of
the electroosmotic consolidation equation (8) can be de-
termined.+e governing equation of the pore water pressure
field is an unsteady state equation. First, use the Galerkin
method to discretize the spatial items of the equation to
obtain the corresponding time i expression:

B
 z N{ }

T

zx

z N{ }

zx
+

z N{ }
T

zy

z N{ }

zy
 dxdy · ui 

T

+ B

N{ }

T
· N{ }dxdy ·

d ui 
T

dt
� 0.

(17)

Let [k] � J  ((z N{ }T/zx)(z N{ }/zx) + (z N{ }T/zy)

(z N{ }/zy))dxdy, [s] � J  N{ }T · N{ }dxdy, equation (17) can
be expressed as follows:

[k] · ui 
T

+[s] · _ui 
T

� 0. (18)

+e backward difference form is used to discretize the
time term, which can ensure the convergence of the dif-
ference iteration. +e time step is Δt:




[k] +



[s]
Δt

  · ui 
T

� 


[s] · ui− 1 
T
. (19)

Using the abovementioned finite-element form, the
electric potential governing equation and the electroosmotic
consolidation governing equation can be calculated. Here,
Python is used to develop a special numerical calculation
program for electroosmotic consolidation, which can cal-
culate and solve the electric potential distribution and the
pore water pressure.

5. Example Analysis

5.1.Two-DimensionalEffect ofElectrodeUnit. Consolidation of
soil is a slow process. +e aforementioned electroosmosis
test only took 51 hours, and it is difficult to fully reflect the
change of pore pressure during the electroosmosis process.

x

(L, W)

(L, 0)

(0, 0)

(0, W)

O
L

W

y

Figure 9: +e electrode unit model.
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+erefore, a calculation example is carried out to calculate and
analyse the electric potential field and electroosmotic con-
solidation of the electrode unit. +e two-dimensional elec-
troosmosis process must first determine the potential
distribution of the unit, and the PyEcFem library is used to
calculate this problem. +e unit L� 0.4m, W� 0.4m, the
applied voltage is 48V, and the potential distribution of the
symmetric unit and the asymmetric unit is obtained, as shown
in Figure 10. In the symmetric unit, the numbers of anodes
and cathodes are equal, so the potential distribution is
symmetrical (see Figure 10(a)). In the case ofW/L � 1, the
potential distribution is significantly different from the uni-
form electric field, and the potential in the middle of the unit
is lower than the potential at the electrode. At this time, if it is
still calculated according to the one-dimensional electroos-
motic consolidation theory, it will lead to an overestimation of
the potential gradient. In the asymmetric unit (see
Figure 10(b)), due to the asymmetry of the electrode prop-
erties, the potential distribution in this case cannot be sim-
plified to a linear distribution, and the two-dimensional effect
of the potential distribution is significant.

In actual engineering, when the distance between the
electrodes of the same nature is much smaller than the
distance between the electrodes of the opposite, in the case of
symmetry, the distribution of the electric potential field is
similar to the uniform electric field. In this case, the one-
dimensional electroosmotic consolidation model can be
used to solve the problem. However, there is a lack of
quantitative research. In order to study this problem, the
calculations with different spacing ratios (W/L�1, 2, 3, 4, 5)
and W remaining unchanged are carried out. +e potential
distribution is shown in Figure 11. It can be found that as the
spacing ratio increases, the potentials’ value distribution is
getting closer and closer to the uniform electric field. When
the electrode pitch ratio is 1, the electric potential has a
significant attenuation phenomenon.When the pitch ratio is
equal to 5, this phenomenon is basically eliminated.

5.2.DistributionCharacteristics ofExcessPoreWaterPressure.
On the basis of obtaining the electric potential distribution,
the calculation of electroosmosis consolidation can be de-
termined. +e soil electroosmosis coefficients
ke � 5 × 10− 9m2 · (s · V)− 1, kh � 2.5 × 10− 8 ms− 1, and
Ch � 5 × 10− 7 m2s− 1; the initial pore water pressure is
u(x, y, 0) � 1.5 kPa, the total time is 108 seconds, and the
number of time steps is 10000, so Δt � 104 seconds. Fig-
ure 12 shows the pore water pressure distribution of the unit
after electroosmosis is completed. +ere is an obvious dif-
ference between the pore pressure distribution of the
symmetric unit and the asymmetric unit after electroos-
mosis. +e negative pore pressure in electroosmosis is de-
termined by the potential value. +e more the anodes, the
larger the negative pore pressure distribution area. +e
electroosmotic consolidation effect of asymmetric units is
better than that of symmetric units.

+e electroosmotic consolidation is established on the
basis of Terzaghi’s seepage consolidation theory. +e con-
solidation speed of the soil is determined by the hydraulic
permeability coefficient of the soil. +e difference in electric
potential distribution will not affect the consolidation speed,
as shown in Figure 13(a). +e average degree of consoli-
dation curve of the symmetric unit completely coincides
with the consolidation curve of the asymmetric unit. +is
conclusion is consistent with Esrig’s theory [6]. +e electric
potential field mainly affects the pore pressure during the
electroosmotic consolidation process. After the electroos-
mosis is completed, the average excess pore water pressure in
the symmetric unit is − 23.962 kPa, while the average excess
pore water pressure in the asymmetric unit is 36.068 kPa, as
shown in Figure 13(b). +e larger the number of anodes, the
larger the average potential value of the unit and the stronger
the drainage power. In the initial stage of electroosmosis, the
symmetric unit contains two cathode drainage boundaries,
and the outflow of pore water is higher than that of the
asymmetric unit. In the middle and late stages of
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Figure 10: Gradient vector illustration of electric potential field. (a) Potential distribution of the symmetrical unit. (b) Potential distribution
of the asymmetrical unit.
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Figure 12: Colormap of excess pore water pressure distribution after electroosmosis. (a) +e pore water pressure of the symmetric unit at
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electroosmosis, most of the pore water in the soil has been
discharged, the influence of the number of drainage
boundaries is reduced, and the driving force of the electric
potential gradient becomes the main influence. +e pore
water pressure change rate of the symmetric unit gradually
decreases, while the pore water pressure change rate of the
asymmetric unit remains at a relatively high rate. +e av-
erage excess pore water pressure of the asymmetric unit is
33.56% higher than that of the symmetric unit.

6. Conclusions

+is paper focuses on the study of the two-dimensional
electroosmotic consolidation characteristics when the elec-
trode spacing is large, and the research object of the punc-
tiform electrode unit is proposed. Electroosmotic
consolidation test of the punctiform electrode unit is carried
out; in the experiment, the electroosmotic consolidation
characteristics of symmetric and asymmetric units and the
difference in electric potential field are analyzed. Based on the
continuity of water flow and the principle of linear super-
position, the governing equation of the two-dimensional
electroosmotic consolidation theory is established and the
corresponding boundary conditions and initial conditions are
given. +e Galerkin method is used to discretize the gov-
erning equation, and the corresponding PDE numerical
calculation module PyEcFem was developed by Python
language; at the same time, the numerical solution of the
example is carried out. +e main conclusions are as follows:

(1) According to the difference of electrode polarity, the
electrode unit can be divided into symmetrical unit
and asymmetrical unit. +e electroosmosis test
shows that the drainage of the asymmetric model is

higher than that of the symmetric model, but the
symmetric model has a faster drainage rate in the
initial stage. After the electroosmosis test is over, the
water content of the asymmetric unit soil is lower
than that of the symmetric unit, and more anodes in
the asymmetric unit can promote soil reinforcement.

(2) +e potential distribution of the electrode unit has
obvious two-dimensional characteristics. In a sym-
metric unit, as the distance between the same elec-
trodes decreases, the potential distribution tends to
be uniform.When the spacing ratio is 5, the potential
field is basically close to a uniform electric field.

(3) With the same electroosmotic parameters and
power-on time conditions, the electroosmotic rein-
forcement effect of asymmetric units is better than
that of symmetric units. +e negative pore pressure
distribution in the asymmetric unit is relatively
uniform, and the pore water pressure amplitude of
the part near the cathode in the symmetric unit is
lower than that near the anode. +e unevenness of
the soil after electroosmosis reinforcement is obvi-
ous. +e potential distribution will not affect the
consolidation rate, but it will affect the extreme value
of negative pore water pressure. +ere are two
drainage boundaries in the symmetric unit. In the
initial stage of electroosmosis, the change rate of pore
pressure is faster than that of the asymmetric unit. In
the middle and late stages of electroosmosis, the rate
of change of the pore pressure of the symmetric unit
decreases more than that of the asymmetric unit.+e
increase in the number of anodes in electroosmosis
consolidation can improve the effect of electroos-
mosis consolidation.
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A crushed-rock revetment (CRR) with high permeability that can be paved on embankment slopes is widely used to cool and
protect the subgrade permafrost. In this study, a traditional CRR over warm permafrost was selected to investigate its cooling
characteristics based on the ground temperature observed from 2003 to 2014. A new mitigation structure (NMS) was designed to
improve the cooling capacity of the CRR and to counter the pore-filling of the rock layer. Numerical simulations were conducted
to evaluate the cooling performance and reinforcing capacity of the NMS based on a developed heat and mass transfer model. 'e
results indicate that the traditional CRR can improve the symmetry of the permafrost subgrade and decrease the ground
temperature of shallow permafrost. However, the CRR cannot generate strong enough cooling to influence the deep (below 10m
depth) and warm permafrost with a mean annual ground temperature above −1.0°C.'e wind-blown sand can further weaken the
cooling of the CRR and cause significant permafrost warming and thawing beneath the slopes, posing a severe threat to the long-
term safe operation of the embankment.'e proposed NMS can produce a significantly superior cooling performance to the CRR.
If the CRR is reinforced by the new structure, it can not only effectively cool the underlying warm permafrost but also elevate the
permafrost table. 'e new structure can also protect the rock layer on the slopes from sand-filling. 'e NMS can be used as an
effective method for roadbed design or maintenance over warm permafrost.

1. Introduction

Permafrost is soil or rock with ice that remains at or below
0°C for at least two consecutive years [1, 2]. Land in per-
mafrost zones is permanently frozen to a great depth, with
the surface seasonally thawing in the summer [1, 2]. Ap-
proximately, 25% of the land area in the Northern Hemi-
sphere is underlain by permafrost stratum [3], which is,
however, a type of unstable geological body and highly
sensitive to ground temperature changes due to the existence
of ground ice [4, 5]. Many critical transportation infra-
structures were constructed in the permafrost zones, in-
cluding the East-Siberian Railway in Russia, the Hudson Bay
Railway in Canada, the Alaska Highway in the USA, and the
Qinghai-Tibet Railway and Highway in China [6]. Roadway
construction in permafrost zones generally disturbs the

original ground surface and changes the ground-surface
energy balance, leading to the warming and melting of the
ice-rich permafrost underneath the embankment and the
subsequent uneven thaw settlement [7, 8]. 'is severely
affects the stability and integrity of transportation infra-
structures and threatens their long-term safe operation [9].
How to control the ground heat to meet the demand of
engineering foundation thermal stability is an important
issue in permafrost areas.

'e Qinghai-Tibet Plateau (QTP), with an average ele-
vation of over 4000m, is one of the highest plateaus in the
world and contains the largest area of permafrost at high
elevation on Earth [10]. Permafrost on the QTP is typically
warmer compared with other areas of the northern hemi-
sphere [10, 11] and thus more susceptible to temperature
perturbation. Climate warming on the QTP can accelerate
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permafrost warming and has caused permafrost degradation
in recent decades [6, 12].'is leads to the decrease of bearing-
capacity of the permafrost foundation and potentially causes
the large settlements or failures of the transportations tra-
versed the permafrost areas of theQTP, for example, Qinghai-
Tibet Railway, the Qinghai-Tibet Highway, Gongyu Ex-
pressway, and so on. Mitigation techniques have been de-
veloped based on the active cooling approach to cool the
subgrade foundation and to protect the underlying perma-
frost foundation on the QTP in recent decades [6]. 'e
crushed-rock embankment is a type of air convection em-
bankment by making the best use of cold air energy during
cold seasons and has been widely employed in roadbed en-
gineering over permafrost on the QTP [13].'e crushed-rock
embankment is constructed using poorly graded rocks with
high permeability that can allow air to flow through the rock
pores and augment heat extraction from the embankment
during winter [12, 14]. It has proven to be an economical and
effective technique to cool the permafrost stratum and
maintain the foundation stability of embankments [12, 15].

Crushed-rock revetment (CRR), paving the rocks on the
side slopes, is one of the typical construction methods of air
convection embankment [6, 16]. Although the CRR is prevalent
in practical engineering because of its convenient construction
and flexible reinforcement, it is facing problems that affect its
long-term effective cooling performances. It is particularly
concerning that the CRR generates insufficient cooling on the
underlying warm permafrost with a mean annual ground
temperature above −1.0°C [17, 18]. 'e limited cooling largely
lies in the hot wind that blows into the pore space of the open
crushed-rock layer in hot seasons, which can increase heat
absorption in the embankment slopes, and is adverse to per-
mafrost stability. 'e aeolian sands and wreathed rocks fre-
quently occurred on the QTP due to the strong wind and high
ultraviolet radiation [19, 20], as is shown in Figure 1, which can
block the pore of the rocks and further reduce its convection
cooling capacity, aggravating the long-term performance of the
CRR. How to optimize it to enhance its cooling performance to
counter permafrost degradation and climate warming has
become an urgent issue in complex circumstances.

In this study, we firstly investigated the cooling charac-
teristics of a selected CRR embankment in a warm permafrost
zone based on the ground temperature observed from 2004 to
2014. 'en, a mitigation structure was designed to improve
the cooling capacity of the CRR and to counter the sand-filling
of the porous rock layer. A coupled heat transfer model was
developed and series of numerical simulations were con-
ducted to evaluate the cooling effect and reinforcing per-
formance of the new structure considering climate warming.
It is hoped that this study could improve the utilization of cold
energy in cold regions and provide guidance for the design
and maintenance of embankment traversed warm or thaw-
sensitive permafrost zones.

2. Field Observations and Analysis

2.1. Slow Permafrost Warming under the CRR Embankment.
As shown in Figure 2, a CRR embankment built in Chuma’er
High Plain along the Qinghai-Tibet Railway was selected to

analyze its long-term cooling effect and characteristic, based
on the observed ground temperature data from 2003 to 2014.
Permafrost in this site is typically warm and ice-rich, with a
mean annual ground temperature of about –0.9°C. 'e
permafrost table ranges from 2.5m to 3.0m. 'us, this
region of the monitoring section located is representative of
the warm and ice-rich permafrost of the QTP. 'e thickness
of the crushed-rock layer on the sunny and shady slopes of
the embankments is 1.6m and 0.8m, respectively. Four
boreholes with a depth of 16m were drilled at the two
shoulders and the two slope toes of the railway embankment,
and one borehole with a depth of 16m was also drilled in the
undisturbed ground as a reference of permafrost thermal
status without disturbance, which is 10m away from the
embankment toe. 'e ground temperatures were measured
by thermistors cable with a precision of ±0.02°C, installed in
the embankment boreholes.'e data was collected manually
by a CR3000 data logger two times a month.

Figure 3 shows the ground temperature fields of the CRR
embankment in early October of the years 2003, 2005, 2010,
and 2014. 'e 0°C isotherm in the figure is defined as the
permafrost table because the maximum seasonal thaw depth
usually occurs in October on the QTP. As shown, the per-
mafrost table under the sunny side (left side) of the em-
bankment was slightly deeper than the shady side (right side)
and the natural ground in 2003 after the embankment was just
constructed. 'is was mainly due to thermal disturbance
caused by embankment construction, while, in 2005, the
permafrost table beneath the embankment was elevated ob-
viously, with amagnitude of approximately 2.0m, revealing the
cooling effect of the CRR on the underlying permafrost. Up to
2010, the cooling for the permafrost layer with a depth of −3.0
to −5.0m continued, which can be confirmed by the elevation
of the −0.5°C isotherm under the embankment. 'e symmetry
of the ground temperature field was also improved although
the embankment orientation is southeast-northwest direction,
which tends to cause different solar radiation on the sunny
slope and shady slope of the embankment [21]. It proved that
different thickness of the CRR on the two slopes performed
satisfactory effects in improving the symmetry of the ground
temperature distribution. In 2014, the symmetrical temperature
field was maintained and the permafrost table under the
embankment was further elevated. 'ese characteristics
revealed the good cooling of this structure on the shallow
permafrost. However, it should be noted that the deep per-
mafrost experienced a slow warming trend since constructed,
as shown by the disappearance of the −1.0°C isotherm.

For further investigation of dynamic variation of per-
mafrost temperatures, Figure 4 was drawn to show time
series of permafrost temperatures with depths of 2.0m,
4.0m, and 10m beneath the sunny shoulder of the CRR
embankment. 'e depths were measured from the original
ground surface, which represented the shallow and deep
permafrost. It can be clearly found that permafrost at the
depths of 2.0m and 4.0m experienced obvious cooling
processes after construction. Particularly after 2008, the
temperature amplitude increased, indicating that the heat
exchange process during cold seasons increased. In the
contrary, the deep permafrost temperature at depth of 11m
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under CRR embankment was rising slowly, with an increase
of nearly 0.22°C from 2003 to 2014. Although the warming
rate decreased after 2008, the warming trend continued.
'us, it is concluded that the cooling effect of the CRR was

relatively limited and could not effectively cool the deeper
permafrost.

'e long-term monitoring results revealed that the deep
permafrost beneath the CRR experienced a significant warming

(a) (b)

(c) (d)

Figure 1: Wind-blown sand and rock-weathering of CRR embankment along the Qinghai-Tibet Railway. (a) Sand-filling of porous rock
layer at the Honglianghe section; (b) close-view of sand-filling of the CRR; (c) prevalent sand prevention measure on the QTP; and (d) rock-
weathering of the CRR caused by a severe environment.
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Figure 2: Location of the monitored CRR embankment in the permafrost zone of the QTP. Permafrost data were from the China cold and
arid scientific data center (http://westdc.westgis.ac.cn/).
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process, although the permafrost table beneath the embankment
was elevated and the shallow grounds were cooled. 'e con-
siderable warming of deep permafrost might generate com-
pression deformation, which will reduce the embankment
stability and potentially threaten the safe operation [22, 23]. 'e
insufficient and unsatisfied cooling will be challenging the
existing CRR to counteract the impact of climate warming in the
warm or thaw-sensitive permafrost regions. 'us, how to op-
timize this structure and propose a new countermeasure is urgent
to maintain the long-term thermal stability of embankment over
warm permafrost on the QTP.

3. Numerical Modeling

3.1. ,e New Structure. In this section, a new mitigation
measure (NMS) combined a CRR and a slope-warming

prevention measure was designed as a countermeasure to
improve the cooling capacity and to prevent wind-blown
sand. As shown in Figure 5, a soil layer with geotextile was
designed to pave on the CRR of the embankment slopes,
which aims to prevent the warm wind from entering the
rock layer during summer, to remove the solar radiation,
and to strengthen convective heat transfer in rock layer
during winter. A coupled heat transfer model was de-
veloped to evaluate the cooling effects and reinforcing
performances of the new structure. Based on the heat and
mass transfer theories, the air convection heat transfer in
the porous layer and heat conduction with a phase
transaction in the soil layers were considered in the model.
'e heat radiation of the rock layer was not considered in
the model. 'ree sets of simulations were conducted to
investigate the geothermal regimes evolution in different
scenarios, as shown in Table 1. 'e geometrical model of
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Figure 3: Temperature fields of the monitored CRR embankment on October 1 each year. (a) 2003; (b) 2005; (c) 2010; and (d) 2014.
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Figure 4: Variations of ground temperatures at depths of 2.0m, 4.0m, and 11.0m beneath the monitored CRR embankment.
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the three associated embankments (Figure 6) were re-
ferred to the embankment in the Tuotuohe section of the
Qinghai-Tibet Railway where the sand-filing damage is
widespread.

3.2. Governing Equations

3.2.1. Airflow outside the Porous Rock Layer. 'e airflow is
considered as a turbulent flow at the atmosphere [24]. 'e
air is assumed to be an incompressible fluid with constant
physical properties, and the influence of the air temper-
ature on the airflow velocity is negligible. We have the
following governing equations for the airflow’s turbulent
heat transfer process [25]:

Continuity:
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where vx and vy are air speed along x- and y-axis; ρa is air
density; p is air pressure; μa is dynamic viscosity, λa is air
thermal conductivity, and Ca is air specific heat capacity.

3.2.2. Convective Heat Transfer in the Porous Rock Layer.
'e CRR was considered to be a porous medium in the
model. Convection heat transfer of air in the porous layer is a
heat and mass transfer process, and it is assumed that only
the lacunal air movement is taken into consideration. 'e
governing equations can be expressed as follows [16, 26]:
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where |]| �
������
]2x + ]2y


, B is the inertial drag coefficient, k is

the permeability of the porous medium, and Ce and λe are
the effective volumetric heat capacity and effective thermal
conductivity, respectively.

Air density ρα can be expressed as a function of the
temperature T and the Boussinesq approximation is used to
simplify the computation:

ρα � ρ 1 − β T − T0(  , (7)

where T0 is the corresponding temperature of ρ and β is the
thermal expansion coefficient of air.

3.2.3. Conductive Heat Transfer for Soil Layers and Em-
bankment Filling. For soil layers and embankment fillings,
the heat transfer process was dominated by the heat con-
duction, and the phase change process of ice to water needs
to be considered when the freeze-thaw processes occur. 'e
heat transfer process can be described as follows [25, 26]:
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We assume that the phase change of the media occurs in a
range of temperatures (Tp ± ΔT). Based on the sensible heat
capacity method [27], Ce and λe can be calculated as follows:
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Figure 5: Schematic of the cooling of the proposed NMS.
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Table 1: Description of the designed scenarios with associated cases.

Cases Designed scenarios description
Case 1 Embankment with the CRR performs a service life of 30 years
Case 2 Embankment with CRR performs for 10 years and then suffers from sand-filling for 20 years
Case 3 Embankment with CRR performs for 10 years and then reinforced with the NMS for 20 years
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Figure 6: Geometrical model of the three associated embankments in three cases. (a) Case 1; (b) Case 2; and (c) Case 3.
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where the subscripts f and u represent the frozen and un-
frozen states, respectively; l is the latent heat per unit volume.

3.3. ,ermal Parameters and Boundary Conditions. At the
elevation of approximately 4500m on the QTP, the physical
parameters for air and crushed-rock layer in the simulations
are listed in Table 2. 'e mean particle size of the CRR is
approximately 0.2m (diameter range from 0.1 to 0.3m).
'ermal parameters needed for the soil layers and em-
bankment fill can be found in Table 3.

To simplify the boundary conditions, the temperature
boundaries are employed to the air and ground surfaces.
Based on the “adherent layer theory,” simplified thermal
boundaries are given in equation (10) and Table 4. 'e
geothermal heat flux at the bottom boundaries was assumed
to be 0.06W/m2. 'e lateral boundaries were assumed to be
adiabatic:

T � T0 + A sin
2π
8760

th +
π
2

  +
ΔT

365 × 24
th, (10)

where T0 is the annual average value, A is the amplitude, th is
the time, and ΔT is air temperature rising rate, which is taken
as 0.052°C/year on the QTP [26, 30].

'e ambient wind affects the convection process in the
rock layer. 'e wind boundary is applied at one side of the
model to simulate the prevailing wind direction of north and
northwest on the QTP. Based on the observed data for wind
on the QTP, wind speed ]h at the height of h in prevailing
north direction can be obtained as

vh � 4.6 + 1.52 sin
2π

365 × 24
t +

3π
2

  
h

10
 

0.16

. (11)

3.4. Model Validation. To verify the numerical model, we
simulated the thermal regime of a CRR embankment built
on Huashixia of the QTP. 'e simulated and observed
temperature profiles at the shady shoulder of the em-
bankment in 2014, one year after construction are shown in
Figure 7. It illustrates that the computed temperature curve
can fit well with the measured results for the permafrost
layer. A large difference between the measurement and
simulation was found for the active layer, which mainly

results from the simplified boundaries and geological con-
ditions in the model. In general, the numerical model is
reasonable for simulating the thermal regime of a crushed-
rock embankment in a permafrost region.

4. Numerical Results and Analyses

4.1. Predicted Temperature Fields. 'ree cases over a 30-year
period were simulated. Firstly, the thermal regimes of
embankment with CRR when maximum thawing depth
reaches in the 5th and 10th years after construction are shown
in Figure 8. It can be seen that the temperature field of the
CRR embankment is basically symmetrical after construc-
tion and the permafrost table under the embankment ele-
vates to near the original ground surface. Such
characteristics are similar to the monitored embankment
(Figure 3). 'e CRR begins to show the cooling effect on the
permafrost beneath the embankment slopes in the 5th year
and beneath the embankment in the 10th year, as indicated
by the cold temperature zone of −1.0°C, which gradually
expands, as shown in Figure 8. Figure 9 gives thermal re-
gimes of embankment in three cases when maximum
thawing depth reaches in the 15th year after construction.
'e cooling effect of the CRR weakens under the impact of
climate warming, as indicated by the shrink of the −1.0°C
and −0.8°C isotherms (Figure 9(a)). However, if the rock
layer near the toes begins to be filled with sands after the 10th
service year (Case 2), the cooling of the CRR will be further
weakened, causing obvious warming of the underlying
permafrost, as indicated by the rapid shrink of −0.8°C
isotherm in Figure 9(b).

In contrast, if the CRR is reinforced by the NMS in the 10th
service year, the cooling of the embankment will be improved
significantly (Case 3). As shown in Figure 9(c), the colder
regions of−1.5°C and even−1.8°C formunder the embankment
and the permafrost table beneath the embankment slopes is also
further elevated obviously after five years’ reinforcement. All of
these demonstrate the good cooling performance of the new
design.

Figure 10 reveals the thermal regimes of embankment in
three cases when maximum thawing depth reaches in the
20th year after construction. As shown in Figure 10(a), the
disappearance of −1.0°C beneath the embankment indicates
that the permafrost temperature obviously increases due to

Advances in Materials Science and Engineering 7



Table 2: Physical parameters of air and crushed-rock layer [24, 28, 29].

Physical parameters C (J·m−3·°C−1) λ (W·m−1·°C−1) Ρ (kg·m−3) μ (kg·m−1·s−1) K (m2) B (m−1)
Air 0.644×103 0.02 0.641 1.75×10−5 — —
Rock layer 1.016×106 0.442 — — 1.39×10−5 211.2

Table 3: 'ermal parameters of different media [24, 26, 30].

'ermal parameters Cfs (J·m−3·°C−1) λfs (W·m−1·°C−1) Cus (J·m−3·°C−1) λus (J·m−3·°C−1) l (J·m−3)
Embankment fill 1.913×106 1.980 2.232×106 1.919 2.01× 107

Sand 1.465×106 0.258 1.465×106 0.258 0
Gravel soil 1.863×106 2.610 2.401× 106 1.910 2.32×107

Weathered stone 2.122×106 1.824 2.413×106 1.474 3.81× 107

Ballast 1.006×106 0.346 1.006×106 0.346 0

Table 4: Temperature parameters in Equation (10).

Boundaries T0 (°C) A (°C)
Air −3.8 11.5
Natural ground surfaces −0.6 12.0
Top surface 0.3 14.0
Crushed-rock surface 1.4 15.2
Embankment slope surfaces 0.8 13.0
Sand surface 0.6 14.0
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Figure 7: Comparison of the measured and simulated ground temperatures of a CRR embankment on October 15.
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the weak cooling of the CRR structure. Warm permafrost
(>−1.0°C) is generated beneath the embankment and may
cause instability in the embankment because the deforma-
tion of the permafrost is promoted by the increase in
temperature. For Case 2 (Figure 10(b)), sand-filling seriously
affects the convection cooling of the rock layer, leading to
severe permafrost warming beneath the embankment,
particularly under the embankment slopes, indicated by the
downward of −0.5°C while for the embankment reinforced

by the NMS (Figure 10(c)), the −1.0°C and −1.5°C isotherms
still exist under the embankment, revealing the cold thermal
state of the permafrost.

As shown in Figure 11(a), in the 30th year after con-
struction, the permafrost temperature beneath the CRR
obviously increases because of climate warming.'is implies
that the sole CRR cannot produce strong enough cooling for
the underlying permafrost to maintain the foundation sta-
bility. 'e sand-filling causes not only the permafrost
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warming but also the severe permafrost thawing under the
slope toes, as indicated by the obvious decline of the per-
mafrost table, as shown in Figure 11(b). Such a process
might lead to structure failure of the embankment. 'e most
noticeable characteristic for the new design is the cold zone
of −1.0°C, as shown in Figure 11(c), which still covers most
regions beneath the embankment to ensure its thermal
stability under climate warming. Meanwhile, the permafrost
table especially under the embankment slopes rises further

into the embankment body, revealing the permafrost ag-
gradation under the effective and sufficient cooling of the
NMS.

4.2. Predicted Long-Term Ground Temperature Variations.
Figure 12 shows variations of the annual average ground
temperatures at a depth of 15m relative to the original
ground surface beneath the centerline of the embankment in
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Figure 10: 'ermal regimes of embankment in three cases when maximum thawing depth reaches in the 20th year after construction.
(a) CRR embankment; (b) CRR filled with sands; and (c) CRR reinforced with NMS.
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three cases. It can be found that three stages including
thermal disturbance stage, cooling process, and warming
process occur in the studied cases. As shown, permafrost at
the 15m depth beneath the CRR experiences a short period
of cooling before the 10th year and then experiences a steady
warming trend, resulting in nearly 0.3°C temperature rising
in the 30th year. 'e sand-filling can further weaken the
convection cooling of the porous rock layer and causes rapid
permafrost warming of the foundation. In contrast, the
cooling of the NMS can significantly decrease the foundation
temperatures and causes obviously decreased temperature
than the CRR, which reveals a significant influence on the
thermal status of the underlying permafrost of the new
structure. Reinforced by the new structure, the permafrost
temperature at the depth of 15m beneath the centerline
obviously decreases and is lower than that under the CRR,
with a difference of nearly 0.4°C in the service year. It
demonstrates the superior cooling effect of the new design
and its good reinforced cooling performance.

'e new mitigation also plays a role in sand-filling
prevention. Although the sand may clog the slope toe and
then decrease forced convection cooling, most of the other
porous regions exist. Even if the toe is blocked with time, it is
not difficult to clean the sand in this small area. A layer of
hollow concrete brick with large pore space or a sand-
controlling net fence could be arranged close to the slope toe
of the new mitigation for further sand prevention.

5. Conclusions

In this study, a traditional CRR embankment over warm
permafrost was selected to investigate its cooling charac-
teristics based on the long-term ground temperature ob-
servations. An optimized structure was designed to improve
the cooling capacity of the CRR and to counter the pore-
filling of the rock layer. Numerical simulations were con-
ducted to evaluate the cooling performance and reinforcing
capacity of the new structure in sandy permafrost zones
based on a developed heat and mass transfer model. 'e
following conclusions can be drawn:

(1) 'e field results revealed that the traditional CRR
could improve the symmetry of the ground tem-
perature distribution, elevate the permafrost table,

and decrease the ground temperature of shallow
permafrost. However, the cooling capacity of this
structure was limited and it could not generate
strong enough cooling to influence the deep warm
permafrost, causing slow but steady warming of deep
permafrost after construction.

(2) 'e simulated results indicate that the CRR generates
an insufficient cooling effect on the warm permafrost
and thus cannot maintain the thermal stability of
embankment built on warm and thaw-sensitive
permafrost under climate warming. 'e wind-blown
sand can further weaken the cooling of the CRR and
cause significant permafrost warming and thawing
beneath the slopes, posing a severe threat to the long-
term safe operation of the embankment.

(3) 'e NMS can produce a significantly superior
cooling performance to the CRR. If the CRR is
reinforced by the new structure, it can not only
effectively cool the underlying warm permafrost but
also elevate the permafrost table. 'e new structure
can also protect the rock layer on the slopes from
sand-filling. 'erefore, the NMS can be used as an
effective method for roadbed design or maintenance
over warm permafrost.
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)ermal conductivity is an important thermal parameter in engineering design in cold regions. By measuring the thermal conductivity of
clay using a transient hot-wire method in the laboratory, the influential factors of the thermal conductivity of soils during the freezing
process were analyzed, and a predictive model of thermal conductivity was developed with an artificial neural network (ANN) technology.
)e results show that the variation of thermal conductivity can be divided into three stages with decreasing temperature, positive
temperature stage, transition stage, and negative temperature stage.)e thermal conductivity increases sharply in the transition stage.)e
difference between the thermal conductivity at positive and negative temperature is small when the dry density of the soil specimens is
larger than the critical dry density, while the difference is large if the dry density is less than the critical dry density. As the negative
temperature decreases, the larger the moisture content of the soil specimens, the larger the increase of thermal conductivity. )e effect of
initial moisture content on thermal conductivity is more significant than that of dry density and temperature.)e change tendency of the
thermal conductivity calculated by the established ANN model is basically consistent with that of the laboratory-measured values, in-
dicating that this model can be able to accurately predict the thermal conductivity of the soil specimens in the freezing process.

1. Introduction

)e thermal conductivity of soils is an important thermal
parameter for modeling the freeze-thaw process of soils and
determining the frozen and thawed depth of soils [1]. And
the thermal conductivity represents the heat conduction of
soils, which will affect the heat transfer process of soils. As
we need economic development, more major projects will be
built in cold regions, and their thermal stability is crucial for
the operation. )erefore, it is very important to study the
variation and predictive models of the thermal conductivity
of soils during a freezing process.

)e thermal conductivity of soils is mainly affected by
mineral types, moisture content, dry density, temperature,
and grain size [2–11]. A large number of studies have an-
alyzed the variation of the thermal conductivity of soils

under the influence of various factors and established the
empirical relationship between the thermal conductivity and
the impacting factors. )e thermal conductivity of soils
increases with increasing moisture content [2, 3, 7, 8].
However, the increase of the thermal conductivity of soils in
the frozen and thawed status is different, which is mainly
caused by the phase transition of water in the frozen state
[12]. For a special soil, a power function relationship can be
established between the thermal conductivity and the
moisture content of soils [13]. )e thermal conductivity of
soils increases with increasing dry density [2, 7, 14]. )e
influence of moisture content on thermal conductivity is
more significant than that of dry density [15]. )e thermal
conductivity of soils increases with decreasing temperature
[4, 8]. )e thermal conductivity of soils in the frozen state is
larger than that in the thawed state [4], and the variation of the
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thermal conductivity with temperature is related to moisture
content [4]. Some studies indicated that the porosity and
degree of saturation affect the thermal conductivity of sandy
soils [16, 17], and the thermal conductivity of sand increases
with decreasing porosity and increasing degree of saturation
[17]. In addition, soil particle size, structure, and bulk density
also affect the thermal conductivity of soils [2, 8, 18]. )e
thermal conductivity of coarse-grained soils is larger than that
of fine-grained soils [2, 8, 18].

Many types of predictive models of thermal conductivity
have been proposed, mainly divided into theoretical, em-
pirical, and other models [19]. In terms of theoretical models,
Wiener [20] established the series and parallel models of the
thermal conductivity based on the heat flow direction and the
arrangement of three-phases of porous media. According to
Maxwell’s equation, Devries [21] assumed that the solid
particles of soils were uniformly distributed in the continuous
pore fluid and proposed a theoretical model of the thermal
conductivity of soils. Johansen [22] proposed a weighted
geometric averagemodel to calculate the thermal conductivity
of soils. In terms of empiricalmodels, Kersten [4] used a single
thermal probe method to test the thermal conductivity of 19
different types of soils by considering the effect of moisture
content and dry bulk density and established the empirical
equations of the thermal conductivity for silt and clay soils
and sandy soils in the frozen and unfrozen state, respectively.
Johansen [22] firstly proposed the concept of the normalized
thermal conductivity (λr), namely, “Kersten’s number, Ke,”
expressed the moisture content and dry density in the Kersten
[4] model by a degree of saturation, and normalized the
moisture content and dry density. Cote and Konrad [23]
proposed a new normalized thermal conductivity model
based on the research of Johansen [22]. Chen [17] established
the empirical equation of the thermal conductivity based on
the porosity and degree of saturation and compared the
calculated results with the experimental results and the results
in the published literature. And Bi et al. [24] proposed a
generalizedmodel for the thermal conductivity of the freezing
soils based on frost heave and components of soils.

Artificial neural networks (ANNs) are also widely used in
the prediction of thermal parameters [9, 25]. Some researchers
used the ANN models to calculate the thermal conductivity
[9, 26–28] and thermal diffusivity [29] of soils. He and Huang
[26] used the BP neural network model to determine the
thermal conductivity of soils by analyzing the relationship
between the thermal conductivity and the physical property
index of soils and pointed out that the predicted thermal
conductivity is close to the measured thermal conductivity
values. Based on the ANN technology, Zhang et al. [27] cal-
culated the layered thermal conductivity of the undisturbed
soils in the field by taking moisture content and porosity as
input layer neurons and the thermal conductivity as the output
layer neuron. Zhang et al. [9] established an individual model
of the thermal conductivity for different types of soils and a
generalized model by considering the influence of soil types via
ANN technology, compared the predicted thermal conduc-
tivity with the calculated results of three empirical models, and
pointed out that the predicted results of the two ANN models
are close to the measured thermal conductivity values.

In the published research studies, when calculating the
thermal conductivity of soils considering the frozen and
thawed status of soils, the influence of the variation of the
temperature of the soil in the freezing process on the
thermal conductivity model is considered in few studies.
Although the ANN models have been successfully used to
predict the thermal conductivity of soils, the applicable
condition of each predictive model is different, the influ-
ence of the variation of negative temperature on the
thermal conductivity is less considered in the predictive
models, and the ANN technology is seldom used to es-
tablish the predictive models of the thermal conductivity of
soils during a freezing process. )erefore, the objective of
this study is to understand the variation of the thermal
conductivity of clay under various impacting factors during
a freezing process where the temperature changes from
positive to negative and to develop a predictive model of
the thermal conductivity of soil during the freezing process
by ANN technology. )e thermal conductivity of clay is
measured in the laboratory, and the effects of initial
moisture content, initial dry density, and temperature on
the thermal conductivity of soils are analyzed. Based on
this, considering the influence of initial moisture content,
initial dry density, and temperature on thermal conduc-
tivity, a predictive model of the thermal conductivity of
soils is developed via ANN technology, which can com-
pletely calculate the thermal conductivity of soils when the
temperature changes from a positive value to a negative
value. And it is validated by comparing the predicted
thermal conductivity results with the measured thermal
conductivity results.

2. Experimental Materials and Methods

2.1. Experimental Materials. In this study, the clay used for
the test was obtained from the Lianghekou region, Sichuan
province, China. Figure 1 shows the grain size distribution
curve of clay. Figure 2 shows the compaction curve of clay.
)emaximum dry density is 1.78 g/cm3.)e optimumwater
content by weight is 17.0%.)e basic physical parameters for
the soil specimens are listed in Table 1.

In order to study the variation of the thermal conductivity
of soils in the compacted and loose status, the thermal con-
ductivity of soils over a wide range of dry densities of about
1.00∼1.92 g/cm3 was tested. )e interval within the large dry
density was small, and the interval within the low dry density
was large; the main purpose is to highlight and analyze the
variation of the thermal conductivity of the compacted soils.
)e temperature decreased step by step from 5°C to −10°C in a
freezing process.)e soil specimens were divided into 4 groups
according to the initial moisture content of different soil
specimens, and a total of 192 soil specimens were measured.
)e specific experimental conditions are shown in Table 2.

2.2. Experimental Methods

2.2.1. Specimen Preparation Process. Firstly, soils were air-
dried and crushed, sieved over 2mm, and the air-dry
moisture content of soils was measured by the drying

2 Advances in Materials Science and Engineering



method. Secondly, according to the experimental condi-
tions, different amounts of distilled deionized water were
added to prepare soil samples with different initial moisture
content. Soil samples were stored in a sealed bag for 24h to
make the moisture in the soil samples uniformly distributed.
)en, the soils were compacted layer by layer in a cylindrical
mold. In order to ensure that the dry density of the upper and
lower parts of the soil specimenswas basically the same, the soil
specimens were compacted from the upper and lower ends.

)e dry density of the soil specimens was controlled by
controlling the height and quality of each layer of the soil
specimens. In this way, cylinder soil specimens with different
initial moisture content and dry density (Table 2) were ob-
tained with a diameter of 61.8mm and a height of 50mm.
Finally, the soil specimens were quickly covered with plastic
film to keep the moisture content unchanged and were stored
for 24 h, so as to ensure that the moisture was uniformly
distributed in the soil specimens.

Table 1: Basic physical parameters for the soil specimens.

Optimum water content ωop

(%)
Maximum dry density ρdmax

(%)
Liquid limit WL

(%)
Plastic limit WP

(%)
Soil specific gravity Gs

(g/cm3)

17.0 1.78 36.9 19.8 2.72

Table 2: Experimental conditions.

Impacting factors Initial moisture content (%) Initial dry density (g/cm3) Temperature (°C)

Experimental conditions

14 1.92, 1.88, 1.82, 1.73, 1.63, 1.58, 1.44, 1.15 5, 1, −0.5, −1, −5, −10
16 1.9, 1.86, 1.81, 1.71, 1.62, 1.52, 1.43, 1.14 5, 1, −0.5, −1, −5, −10
18 1.72, 1.68, 1.62, 1.54, 1.45, 1.36, 1.27, 1.09 5, 1, −0.5, −1, −5, −10
20 1.69, 1.65, 1.6, 1.51, 1.42, 1.33, 1.24, 1 5, 1, −0.5, −1, −5, −10
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2.2.2. Test Process of;ermal Conductivity. In this study, the
thermal conductivity of the soil specimens was measured by
a )ermal Properties Analyzer (Anter Quickline-30) (Fig-
ure 3), the measuring range is 0.3 ∼ 2.0W/(m·K), and the
instrument accuracy is ± 0.0001W/(m·K). )e )ermal
Properties Analyzer is mainly based on the transient hot-
wire method to determine the thermal conductivity of the
soil specimens. Firstly, the temperature of the thermostat
(the accuracy is ± 0.01°C) was set to 5°C; when the real-time
temperature in the thermostat was the same as the preset
temperature, the soil specimens and the instrument probe
were placed into the thermostat together. After about 24 h,
both the temperature inside the soil specimens and that of
the probe were constant at 5°C. Secondly, the probe was
placed on the top surface of the soil specimen; after the
temperature of the )ermal Properties Analyzer stabilized,
the thermal conductivity of the upper end of the soil
specimen was measured. )en, the lower end of the soil
specimen was put upwards, and the probe was placed to
measure the thermal conductivity. )e average of the two
measured results was taken as the thermal conductivity of
the soil specimen. Finally, according to the designed ex-
perimental temperature, the temperature of the thermostat
was adjusted step by step in a freezing process, and the
thermal conductivity of the soil specimens was measured at
each temperature in a freezing process in accordance with
the previous steps. At each temperature, in order to make the
temperature of the soil specimens reach stabilization, the soil
specimens were stored in the thermostat for about 6 h before
the thermal conductivity was measured. And in the tran-
sition process where the temperature changes from positive
to negative, the stored time of the soil specimens is about
12 h.

3. Experimental Results and Discussion

)e impacting factors of the thermal conductivity of soils
mainly include mineral component, moisture content, dry
density, temperature, and freeze-thaw cycles
[6, 8, 12, 22, 27]. )e variation of the thermal conductivity of
the soil specimens under the effect of initial moisture
content, initial dry density, and temperature will be mainly
analyzed in this section. Based on this, the ANN technology
is used to develop a predictive model for calculating the
thermal conductivity of the soil specimens under the same
experimental conditions.

3.1. Variation of the ;ermal Conductivity of the Soil
Specimens

3.1.1. Influence of Initial Dry Density and Moisture Content
on ;ermal Conductivity. )e variation of the thermal
conductivity of the soil specimens with dry density is shown
in Figure 4. Under the same initial moisture content of the
soil specimens and temperature, the thermal conductivity of
the soil specimens increases with increasing dry density, and
there is basically a linear change between the two (Figure 4).
)e main reasons for the increase of the thermal conduc-
tivity of the soil specimens with increasing dry density are

that, on the one hand, the increase in dry density will in-
crease the content of solid particles inside the soil specimens
and the connectivity between soil skeletons and then will
increase the heat conduction of the soil specimens. On the
other hand, both the pores and porosity of the soil specimens
decrease, and the thermal conductivity of the soil skeleton is
far larger than that of air (Table 3); then, the thermal
conductivity of the soil specimens increases. For a given
moisture content, the increase of the thermal conductivity of
the soil specimens with dry density is independent of
temperature.

In addition, the moisture content of soils is one of the
impacting factors of the thermal conductivity of soils. It can
be seen from Figure 4 that at the temperature of 5°C and
−10°C, the thermal conductivity with the moisture content
of 14% at the dry density of 1.44 g/cm3 is 0.55W/(m·K) and
0.87W/(m·K), respectively; and the thermal conductivity
with the moisture content of 20% at the dry density of 1.42 g/
cm3 is 1.19W/(m·K) and 1.48W/(m·K), respectively. It
indicates that the dry density of the soil specimens with the
moisture content of 20% and 14% is basically the same, while
the thermal conductivity with the moisture content of 20% is
larger than that with the moisture content of 14% at positive
and negative temperatures. )e main reasons for this
phenomenon are that, on the one hand, as the moisture
content of the soil specimens increases, the pores in the soil
specimens will be filled with water, the air in the pores will be
expelled, the porosity of the soil specimens will decrease, and
the thermal conductivity of water is far larger than that of air.
On the other hand, the increase in the moisture content will
reduce the space between soil particles and will increase the
thermal conduction of soil particles.

3.1.2. Influence of Temperature on ;ermal Conductivity.
)e influence of temperature on the variation of the thermal
conductivity of the soil specimens is shown in Figure 5. )e
results showed that, under the same initial moisture content
and dry density, the variation of the thermal conductivity of the
soil specimens with temperature can be roughly divided into
three stages. In Stage I, positive temperature stage (5∼1°C), the
thermal conductivity of the soil specimens decreases slightly
with decreasing temperature. )e main reason for this phe-
nomenon is that, in this stage, the movement of water mol-
ecules inside the soil specimens is intense with increasing
temperature, which will increase the heat exchange capacity
inside the soil specimens. In Stage II, the transition stage from
positive to negative temperature (1∼−1°C), the thermal con-
ductivity of the soil specimens sharply increases with de-
creasing temperature. )e main reasons for this phenomenon
are that, firstly, when the temperature is up to the freezing point
within this change range of temperature, the water in the soil
specimens will transform into ice, the solid phase of the three-
phases system will change from soil skeleton to soil skeleton
and ice, the volume of the soil specimens will increase, and the
content of unfrozen water, air, and the pores in the soil
specimens will decrease. Secondly, the thermal conductivity of
ice is about 4 times that of water and far larger than that of air
(Table 3). In Stage III, negative temperature stage (−1∼−10°C),
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as the negative temperature continues to decrease, the thermal
conductivity of the soil specimens continues to increase, but the
increase is small. )is is because although the negative tem-
perature decreases, the limited water in the soil specimens
limits the increase of ice.

It can be found from Figure 5 that, for given initial
moisture content, the difference between the thermal con-
ductivity of the soil specimens at positive and negative
temperatures is related to the dry density. )ere is a critical
dry density; when the dry density is larger than the critical
dry density, the difference between the thermal conductivity
of the soil specimens at positive and negative temperatures is
small, indicating that the thermal conductivity is less affected
by temperature. However, when the dry density is less than
the critical dry density, the difference between the thermal
conductivity of the soil specimens at positive and negative
temperatures is large, indicating that the thermal conduc-
tivity is greatly affected by temperature. )e main reason for

the above phenomenon is that the soil specimens with low
dry density are loose and with many pores in them; after the
water in the soil specimens transforms into ice under the
negative temperature condition, the reduction of pores in
the soil specimens is more obvious, and the thermal con-
ductivity of ice is much greater than that of air (Table 3).

According to the calculation, the average increment of the
thermal conductivity of the soil specimens between the initial
moisture content of 20% and 14% is 0.05W/(m·K); that of the
soil specimens between the maximum and minimum initial
dry density is 0.024W/(m·K); that of the soil specimens
between the temperature of 5°C and −10°C is 0.021W/(m·K).
It can be seen that, under the influence of different impacting
factors, the increase of the thermal conductivity of the soil
specimens from large to small is as follows: initial moisture
content, initial dry density, and temperature. It indicates that
the initial moisture content has the greatest effect on the
thermal conductivity, followed by the initial dry density and
temperature.

3.2. Development of the ANNModel. In this paper, based on
the experimental results, a predictive model of the thermal
conductivity of the soil specimens is developed via the ANN
technology, and the calculated results are compared with the

(a)

Quickline-30 Probe

61.8mm

50
m

m Soil sample

(b)

Figure 3: Experiment apparatus for thermal conductivity. (a) Photograph. (b) Schematic diagram.
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Figure 4: Variation of the thermal conductivity of the soil specimens with dry density. (a) w � 14%. (b) w � 20%.

Table 3: )ermal conductivity of basic constituents of soils [12].

Basic constituents Water Ice Air Soil skeleton
)ermal
conductivity/(W/(m · K))

0.465 2.21 0.024 1.2 ∼ 7.5
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laboratory-measured results to validate the correctness of
the calculated results of the model.

3.2.1. Establishment of the ANNModel. ANN is a multilayer
feed-forward neural network, which is composed of an
input layer, hidden layer, and output layer, and each layer
is composed of different numbers of neurons. In this
calculation process, there are 3 neurons in the input layer,
including initial moisture content, initial dry density, and
temperature of the soil specimens. And there is only one
neuron in the output layer, which is the predicted thermal
conductivity of the soil specimens. Figure 6 shows the
schematic diagram of the structure of the ANN model to
calculate the thermal conductivity of the soil specimens.
And x, hl, and y denote the neuron of the input layer,
hidden layer, and output layer, respectively. Each neuron
in the input layer is connected with each neuron in the
hidden layer by weights, and each neuron in the hidden
layer is connected with the neuron in the output layer by
weights.

)e ANN uses the Backpropagation algorithm, and the
learning process is mainly divided into two stages. )e first
stage is to input the known learning soil specimens and to
calculate the output of each neuron backward from the input
layer of the network by setting the structure of the network
and the weights and thresholds of the previous iteration;
then, the output of each neuron is calculated backward from
the input layer of the network. )e second stage is to modify
the weights and thresholds, to calculate the effect of each
weight and threshold on the total error from the output
layer, and then tomodify each weight and threshold.)e two
stages are repeated alternately until the convergence is
reached.

In addition, the training and test process of multilayer
perceptrons (MLPs) are carried out in the ANN toolbox of
Matlab 2019. )e software is widely used in algorithm

development, data analysis, data visualization, and nu-
merical calculation [30].

3.2.2. Parameters Setting. In the general calculation process
of the ANN model, the data set is mainly divided into two
subsets: the training and validation set. However, it was
found that dividing the data set in this way will lead to the
model overfitting [31]. And overfitting will prevent the
MLPs from properly generalizing the new data in the
memory training patterns [32]. )erefore, the data set is
divided into three subsets in this calculation process, which
are used for training, validation, and testing, respectively,
and accounting for 58%, 17%, and 25% of all data. )e
training data is mainly used to update the weights of the
ANN and to establish the most suitable structure of the
neural network [25]. )e validation data is used to verify the
validity of the established model. )e testing data is used to
determine the thermal conductivity of soils and to validate
the accuracy of the model.

)e calculated requirements can be met when a network
is with one hidden layer [33]; hence, one hidden layer is used
in this paper. In addition, the number of neurons in the
hidden layer directly affects the performance of the ANN
model [27]. )erefore, the number of neurons in the hidden
layer is very important for choosing the appropriate
structure of the ANN model. )e empirical calculation
equation for the number of neurons in the hidden layer is
[30]

n �
������
ni + n0

√
+ a, (1)

where n is the number of neurons in the hidden layer, ni is
the number of neurons in the input layer, n0 is the number of
neurons in the output layer, and a is a constant in the range
of 1∼10. )en, the range of n in this calculation is 3∼12.
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Figure 5: Variation of the thermal conductivity of the soil specimens with temperature. (a)w � 14%. (b)w � 20%.
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)e optimum number of neurons in the hidden layer can
be obtained by the following steps: firstly, selecting the
number of neurons in the hidden layer to be 3 to train the
model, and then, sequentially adding one neuron in the
hidden layer for training. When the errors of training,
validation, and testing results begin to increase, the training
process is terminated. )e number of neurons in the hidden
layer is considered most appropriate when the errors of
training, validation, and testing are small.

We adopt the sigmoid differentiable function as the
transfer function of the hidden and output layer of the ANN.
)en, the input and output data should be normalized to the
range of 0∼1, and the calculation equation is

xn �
xmax − x

xmax − xmin
, (2)

where xn is the normalized data, xmax and xmin are the actual
maximum and minimum value, respectively, and x is the
actual input and output data.

Table 4 shows the boundary values of the input and
output data.

)e Levenberg–Marquardt method was used for training
the network. )e maximum number of network iteration
epochs and the expected error goal were selected as 1000
times and 0.0000001, respectively. )e learning rate (lr) was
selected as 0.01 so as to obtain the most suitable structure of
the ANN model.

3.2.3. Model Verification. )e comparison between the pre-
dicted thermal conductivity of the soil specimens during the
training, validation, and testing process of the model with the
laboratory-measured thermal conductivity values is shown in
Figure 7. )e predicted thermal conductivity values during
training, validation, and testing are relatively close to the
measured thermal conductivity values (Figure 7), indicating that
the structure of the established ANN model is reasonable.

In addition, in this study, the correlation coefficient (R2),
square root error (RMSE), mean absolute error (MAE), and
variance (VAF) are selected to further validate the accuracy
of the calculated results of the established ANN model. )e
calculation equations are as follows:

RMSE �

�����������

1
n



n

i�1
yi − yi
′( 
2




,

VAF � 1 −
var y − y′( 

var(y)
  × 100%,

(3)

where n is the number of the soil specimens, yi is the
laboratory-measured thermal conductivity, yi

′ is the thermal
conductivity calculated by the model, and var is an ab-
breviation of variance. If the values of R2 and VAF are close
to 1, RMSE and MAE are close to 0; it means that the
predicted thermal conductivity values of the model are close
to the measured thermal conductivity values, and the pre-
dicted result is more accurate.

3.2.4. Performance Assessment of the Established Model.
)e comparison of the thermal conductivity of the soil
specimens with the initial moisture content of 16% calcu-
lated by the ANN model with the laboratory-measured
thermal conductivity is shown in Figure 8. )e subscripts m
and p of ρdm and ρdp denote the measured and predicted
values, respectively. Under the same initial moisture content
and dry density, the change tendency of the predicted results
by themodel is basically consistent with that of themeasured
results with temperature, and the two are relatively close, but
the predicted values of the model are slightly larger than the
measured values (Figure 8(a)). )e correlation coefficient
(R2) between the predicted values of the model and the
measured values is high, which is 0.9869 (Figure 8(b)).
Table 5 shows the values of R2, RMSE, MAE, and VAF of the
predicted results of the model compared with the measured
results. )e values of R2 and VAF are greater than 0.95 and
95%, respectively (Table 5). It indicates that the established
ANN model can accurately predict the thermal conductivity
of the soil specimens.

)e proposed model can be applied to calculate the
thermal conductivity of clay in the frozen and unfrozen
states and further used to calculate and analyze the variation
of the temperature field of soils in cold regions and to es-
timate the frozen depth of soil.
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hl2

hl1

y

Moisture content

Dry density
Thermal

conductivity

Input layer Hidden layer Output layer

Temperature

Figure 6: Schematic diagram of the structure of ANN model.
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Table 5: Comparison of the parameter values of the predicted thermal conductivity results of the model with the measured thermal
conductivity results.

Data sets R2 RMSE (W/(m · K)) MAE (W/(m · K)) VAF (%)
Training 0.9974 0.02 0.04 99
Testing 0.9869 0.09 0.1 98
Validation 0.9561 0.11 0.1 95

Table 4: Boundary values of the input and output data.

Data Variable Maximum value Minimum value

Input data
Moisture content (%) 20 14
Dry density (g/cm3) 1.92 1
Temperature (°C) 5 −10

Output data )ermal conductivity (W/(m · K)) 1.83 0.36
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Figure 7: Comparison of the predicted thermal conductivity values of the soil specimens by ANN with the measured thermal conductivity
values.
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Figure 8: Comparison of the thermal conductivity of the soil specimens with the initial moisture content of 16% predicted by themodel with
the measured values. (a) Variation curve with temperature. (b) Fitting curve.
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4. Conclusions

)is paper measures the thermal conductivity of clay under
the influence of initial moisture content, initial dry density,
and temperature. )en, the variation of the thermal con-
ductivity of the soil specimens during a freezing process
where the temperature changes from positive to negative is
analyzed, and a predictive model is developed via the ANN
technology to calculate the thermal conductivity of the soil
specimens under the same experimental conditions. )e
main conclusions are drawn:

(1) )e thermal conductivity of soils is affected by
initial moisture content, initial dry density, and
temperature, and the initial moisture content plays
a dominant role. As the initial moisture content
and initial dry density of the soil specimens in-
crease, the thermal conductivity of the soil spec-
imens increases

(2) During different variation stages of temperature,
the variation of the thermal conductivity of the soil
specimens is different. In the transition stage, the
increase of the thermal conductivity is large be-
cause water transforms into ice. )e variation of
the thermal conductivity with temperature is re-
lated to the initial moisture content and dry
density of the soil specimens. )e difference be-
tween the thermal conductivity of the soil speci-
mens at positive and negative temperatures is
small when the dry density is larger than the
critical dry density, while that of the soil specimens
is large when the dry density is less than the critical
dry density. As the negative temperature decreases,
the larger the moisture content, the larger the
increase of the thermal conductivity of the soil
specimens

(3) )e change tendency of the thermal conductivity
calculated by the predictive model based on ANN is
consistent with that of the laboratory-measured
thermal conductivity, and both are close. Both the
values of R2 and VAF of the thermal conductivity
calculated by the model and the measured thermal
conductivity are close to 1, and RMSE and MAE are
lower than 0.11 W/(m · K) and 0.1 W/(m · K), re-
spectively. It indicates that the structure of the
established model is reasonable, which can accu-
rately calculate the thermal conductivity of clay.
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In this study, the self-developed grouting mold was used to study the heat release characteristics of different density polymer
grouting material under different temperature conditions. 2e spatial distribution characteristics of the frozen soil subgrade
temperature field under the effect of polymer grouting repair were analyzed. Further, the rules governing the temperature change
of a frozen soil subgrade monitoring point under the effect of polymer grouting repair were studied. 2e heat transfer mechanism
of polymer grouting material in frozen soil subgrade was revealed. 2e results showed that in the void region of the frozen soil
subgrade, a discontinuity zone appeared in the temperature field distribution isotherm due to the effect of voids; this zone
exhibited a layered radioactive distribution along the two sides of the void area. Furthermore, during the exothermic stage of the
curing reaction, the temperature distribution isotherms changed from a layered radioactive distribution to a ring distribution that
decreased from the inside to outside. During the natural cooling process, the peripheral temperature of the ring isotherm first
decreased and a negative temperature ring-shaped isotherm gradually formed. Finally, the upper boundary of the influence of the
heat energy released by the curing reaction on the frozen soil subgrade temperature field was determined to be 30 cm, and the
lower boundary was 20 cm.

1. Introduction

Permafrost accounts for 23% of the total land area in the
world. At present, numerous highway projects have been
built in permafrost regions [1–3]. As a road bearing
foundation, frozen soil subgrade contains a large number of
ice crystals with different structures. Uneven settlement
occurs readily due to freeze-thaw effects and negatively
impacts road traffic safety. In recent years, many scholars
have studied the laws governing the temperature variation
and stability of frozen soil subgrades. Yu et al. [4] studied
the heat transfer characteristics of a sand-filled embank-
ment using numerical simulation methods and revealed the
rules governing the embankment temperature variations.
Based on survey data, Han et al. [5] analyzed the degree of

influence of factors such as subgrade height, pavement
width, water content, and average annual temperature on
the thermal stability of frozen subgrade. Zhang et al. [6, 7]
monitored frozen soil subgrade temperatures for up to three
years and proposed an empirical model that accounted for
factors such as the average temperature, amplitude, and
phase difference and analyzed the mechanism of subgrade
frost heave development in detail. Liu et al. [8] conducted
indoor water migration simulation experiments under
freeze-thaw cycling and determined the mechanism of
water migration during freezing. Current research supports
the conclusion that, in areas of frozen soil, changes in the
temperature field will cause frost heaving and thawing
damage to the frozen soil subgrade, which is one of the
primary causes of embankment instability. Chai et al. [9, 10]
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studied the microstructure of soils improved with cement
and additives under constant loading and variable tem-
perature conditions to determine how to improve the en-
gineering properties of frozen soil and prevent uneven
settlement. Mechanisms to improve frozen soil compress-
ibility and thaw settlement performance were also revealed.
Lvanov and Korotkov [11] used granular glass-ceramic
foam material as an antifreeze layer and analyzed the
principles of frozen soil subgrade temperature changes. Liu
et al. [12] used numerical software to establish a model of
the frozen soil subgrade of the Qinghai-Tibet Plateau to
analyze the rules governing the deformation of the subgrade
with and without loading. Zhang and Zhang [13] conducted
an experimental study of the characteristics of moisture
migration in frozen soil subgrades protected by gravel piles
and concluded that gravel piles could effectively prevent the
water level from rising, thereby controlling the soil freezing
process and improving the bearing capacity of the subgrade.
Based on field inspection data, Li et al. [14] analyzed the
influence of gravel, ventilation, and the thermal insulation
of the embankment on the temperature fields of frozen soil
subgrades and revealed the embankment deformation
characteristics of three soil layers. Huang et al. [15] used the
unascertained measurement theory to establish a model to
evaluate frozen soil subgrade stability and analyzed the
effects of temperature stability on the subgrade.

In summary, previous research has primarily sought to
improve frozen soil subgrade stability by adjusting the heat
exchange conditions between the subgrade and the atmo-
sphere, such that the internal temperature field would be in a
balanced state. However, the thawed layer thicknesses of
frozen soil continue to increase under the combined effects
of climate warming and long-term vehicle loading. 2is can
cause void damage due to uneven settlement and defor-
mation of the frozen subgrade. Cement grouting is tradi-
tionally the primary method for repairing uneven subgrade
settlement. Although the grout can fill loose areas of the
subgrade and improve its strength, the material itself is not
expansible and cannot raise the subsided pavement. Further,
cement grouting requires a long construction period,
resulting in traffic impacts due to construction traffic
control.

In recent years, due to the expansibility of polymer
grouting material, it quickly achieves design strength and
can fill subgrade void regions and lift subsided pavement.
2erefore, it is widely used to repair the uneven settlement
deformation of subgrades. However, the heat energy re-
leased by the polymer curing reaction affects the internal
temperature field of the frozen soil subgrade. 2erefore, in
this study, a self-developed grouting mold was used to study
the heat release characteristics of polymer grouting material
with different densities and different temperatures. 2en,
according to the engineering practice of nonuniform set-
tlement of frozen soil subgrade, a numerical analysis model
was established to study the temperature variation law of
polymer grouting material in the process of filling frozen soil
void and revealed the heat transfer mechanism of polymer
grouting material in frozen soil subgrade. 2e results could
provide theoretical support for the repair of the void damage

caused by uneven settlement and the subgrade deformation
of frozen soils.

2. Analysis ofVoidDamage inField Engineering

Figure 1 shows the uneven settlement of frozen soil subgrade
due to void damage. 2e roads constructed in frozen areas
are primarily black asphalt pavement structures, which are
more sensitive to the temperature field of the frozen soil
subgrade. 2e black asphalt pavement increases the solar
radiation absorption rate, which is converted into heat
energy and is transferred downward such that the heat
absorbed by the subgrade gradually increases. Further, the
closed structure of the asphalt pavement hinders the process
of heat dissipation from the subgrade surface, inhibiting the
effective release of heat generated inside the subgrade and
changing the equilibrium condition of the heat exchange
between the frozen subgrade and the atmosphere.

Annually, the total heat absorbed by a frozen subgrade
will be higher than the heat released due to the influence of
seasonal temperature variations and the thermal conditions
previously described. 2erefore, the temperature inside the
frozen soil subgrade is accumulatively increased, and some
ice crystals melt into liquid water, forming a basin-shaped
melting area inside the subgrade. Over time, this area
gradually expands, and the tensile stress of the soil above it
gradually increases. When the tensile stress is greater than
the cohesive forces between the soil bodies, voiding damage
occurs, leading to a significant reduction in the subgrade
bearing capacity. Under the long-term effect of vehicle loads,
the upper boundary of the void area simultaneously bears
the weight of the soil above it and the compressive effect of
vehicle loading, generating tensile stress in the horizontal
direction. With the continued increase in tensile stress,
longitudinal cracks will gradually appear in frozen soil
subgrade, resulting in uneven settlement deformation
damage. 2e continuous effect of the vehicle loads and the
influence of rainfall and other atmospheric factors even-
tually results in slope instability and landslide, as shown in
Figure 2.

3. Material and Methods

3.1. Polymer Grouting Material. Polyurethane polymer
grouting material is mainly composed of polyisocyanate,
polyether polyol, a foaming agent, a catalyst, a foam sta-
bilizer, and various other additives. 2e exothermic curing
reaction primarily consists of gel and foaming reactions
[16–18]. 2e gel curing reaction occurs between the poly-
isocyanate -NCO groups and the polyol -OH groups; the
foaming reaction results from the reaction of the poly-
isocyanate -NCO groups and H2O to form CO2 and urea.
2e reaction principle is shown in Figures 3 and 4.

3.2. Test Equipment

3.2.1. Grouting System. 2e vehicle-mounted polymer
grouting integrated equipment used in the test mainly in-
cludes a pressure-supply device, a grouting pipe, a grouting
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gun, and a toolbox for cleaning the grouting equipment
regularly. As shown in Figure 5, the self-developed grouting
mold is shown in Figure 6. 2e inner diameter of the mold is
120mm, the outer diameter is 132mm, the height is
150mm, and the thickness of the flange plate is 20mm.

3.2.2. Data Monitoring Equipment. Figure 7 shows the data
monitoring equipment used in the test. Data monitoring
equipment includes temperature sensor, temperature col-
lector, and data processing system. 2e measurement range
of the temperature sensor is −200°C∼300°C, and the al-
lowable error range is ±(0.15 + 0.002|t|)°C. 2e data mea-
sured by the temperature sensor of the long probe are used to
indicate the core temperature of the polymer grouting
material, and the data measured by the short probe are used
to indicate the surface temperature. 2e reaction tempera-
ture test in the curing stage of the polymer grouting material
was carried out under the conditions of −10°C, 0°C, 10°C,
20°C, and 30°C.

3.3. Numerical Analysis

3.3.1. Numerical Model. According to the actual engineering
damage profile shown in Figure 1, a typical area of frozen soil
subgrade structure with a width of 10mwas selected to study
the influence of polymer grouting material on the tem-
perature field of the frozen soil subgrade. 2e roadway
structure consisted of (from top to bottom) a 4 cm AC-13
SBR-modified asphalt upper layer, 5 cm AC-16 unmodified
asphalt under layer, 8 cm cement-stabilized macadam base,
18 cm cement-stabilized gravel base, 20 cm graded gravel
cushion, and 2.35m gravelly soil fill. Below the ground
surface, there were 1.5m gravel soil, 2.5m gravel and clay
silt, and 6m silty clay. In ABAQUS, a numerical model was
established by first establishing components of different
subgrade structural layers and then performing assembly
operations. 2e resulting two-dimensional numerical
analysis model is shown in Figure 8.

3.3.2. 2ermodynamic Parameters of Polymer Material.
Soil is a three-phase body composed of solid particles, liquid
water, and gas. In frozen soil, part of the liquid water in the

soil freezes into ice crystals (i.e., transforms into its solid
phase) due to the influence of the low-temperature envi-
ronment. 2erefore, frozen soil is a multiphase medium
composed of organic matter, solid particles, liquid water, ice,
and gas. 2e gas content of frozen soil is relatively small; by
ignoring the influence of gas on the specific heat capacity of
the frozen soil, the specific heat capacity of the frozen and
thawing soils can be defined according to the following
formulas [19–23]:

Cf �
Cdf + W − Wu( Ci + WuCW

1 + W
, (1)

Cu �
Cdu + WCw

1 + W
ρ, (2)

where Cu and Cf are the specific heat capacities of the melted
and frozen soil, respectively; Cdu and Cdf are the specific heat
capacities of the melting and frozen soil skeletons, respec-
tively; Ci and Cw are the specific heat capacities of ice and
water, respectively; W and Wu are the total and unfrozen
water contents of the soil, respectively; and ρ is the natural
density of the frozen soil. In the temperature field simula-
tion, the asphaltic surface layer material was taken to be a
viscoelastic material, and the other layers were linear elastic
materials. 2e road structure layers were assumed to be in
complete contact, and the temperature and heat flow
changes between the layers were assumed to be continuous
and uninterrupted [24,25]. 2e thermal properties of each
layer are shown in Tables 1 and 2.

3.3.3. Boundary Conditions

(1) Solar Radiation Conditions. Solar radiation is the primary
source of the earth’s light and heat energy and causes the
redistribution of the temperature field in a frozen soil
subgrade. 2e daily variation in solar radiation q(t) can be
approximated using the following function [26–28]:

q(t) �

0, 0≤ t< 12 −
c

2
, 12 +

c

2
< t≤ 24,

q0 cos mw(t − 12), 12 −
c

2
≤ t< 12 +

c

2
,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where qo is the maximum radiation at noon, q0 � 0.131mQ,
where m � 12/c; Q is the total solar radiation in one day, J/
m2; c is the effective light hours, h; and ω is the angular
frequency, rad.

Formula (3) is a piecewise function with jump discon-
tinuities. Because the temperature field distribution in the
frozen soil subgrade is continuous, Formula (3) can be
expanded into a continuous cosine trigonometric form
based on the principle of Fourier series correlation [29–32],
as shown in Formula (4). In this calculation, the order k can
be set as 30 to meet engineering accuracy requirements.

q(t) �
a0

2
+ 
∞

k�1
ak cos

kπ(t − 12)

12
, (4)

where a0 � (2qo/mπ);

Figure 1: Typical damage resulting from a frozen soil subgrade.
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Figure 2: Mechanisms of the formation of uneven frozen soil subgrade settlement.
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Figure 5: Vehicle-mounted polymer grouting integrated system.

4 Advances in Materials Science and Engineering



A

B

C

D E

F

G

H

J

I

K

M

4cm AC-13 SBR
5cm AC-16

18cm 

18cm 

cement-stabilized
macadam base
cement-stabilized
gravel subbase

20cm

Black asphalt pavement

2.35m gravelly soil fill

1.5m gravel soil

2.5m gravel and clayey silt

6m silty clay

10m

3m

10m 10m

Magnified

1:1.5

graded gravel cushion

Figure 8: Two-dimensional numerical analysis model.

Table 1: 2ermal properties of the subgrade materials.

Parameters AC-13 SBR-modified
asphalt

AC-16 unmodified
asphalt

Cement-stabilized
macadam

Cement-stabilized
gravel

Polymer grouting
material

Density ρ (kg/m3) 2291 2316 2374 2340 250
Specific heat capacity C
(J/(kg·°C)) 1124 917 1127 1141 1500

2ermal conductivity λ
(W/(m·°C)) 3.780 4.356 4.572 4.320 0.146

1 2
3 4

6

5

7

120 mm
132 mm

150 mm

Figure 6: Grouting mold. (1) Bolt; (2) vent hole; (3, 6) temperature sensor; (4) grouting hole; (5) reaction vessel; (7) flange plate.

Temperature sensor
(WZP-26S) 

Temperature collector
(SY700) 

Data-processing system

Figure 7: Data monitoring system.
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ak �

q0

π
1

m + k
sin(m + k)

π
2m

+
π
2m

, k � m,

q0

π
1

m + k
sin(m + k)

π
2m

+
1

m − k
sin(m − k)

π
2m

, k≠m.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(5)

(2) Temperature and Convection Heat Exchange Conditions.
Under the influence of solar radiation, the atmospheric
temperature changes periodically from day to night. In fewer
than ten hours, the temperature changes from the daily
minimum (approximately 04 : 00–06 : 00) to the daily
maximum temperature (approximately 14 : 00), meaning
that 14 or more hours are required to change from the
highest to the lowest temperature [33]. 2erefore, a linear
combination of two sine functions is required to simulate the
daily temperature change process, as shown in the following
formula:

Ta � Ta + Tm 0.96 sin ω t − t0(  + 0.14 sin 2 ω t − t0(  ,

(6)
where Ta is the average daily temperature; Tm is the daily
temperature change Tm � (1/2)(Tmax

a − Tmin
a ); Tmax

m and
Tmin

m are the daily maximum and minimum temperatures,
respectively;ω is the angular frequency,ω � π/12, rad; and t0
is the initial time. 2e time difference was set to be 2 h and
t0 � 9 h to represent typical conditions.

Black asphalt pavement is exposed to the environment,
and the wind speed affects the heat exchange between the
pavement and the atmosphere. 2e relationship between the
heat exchange coefficient hc and wind speed Vw is linear.

hc � 3.7vw + 9.4, (7)

where hc is the heat exchange coefficient and Vw is the
average daily wind speed, m/s.

(3) Pavement Effective Radiation Conditions. Black asphalt
pavement increases the absorption rate of solar radiation
[34, 35]. 2erefore, the boundary conditions of the effective
ground radiation can be defined as

qF � εσ T1|z�0 − Tz( 
4

− Ta − Tz( 
4

 , (8)

where qF is the effective radiation on the ground,W/(m2·°C);
ε is the emissivity (blackness) of the road surface, generally
0.81 for an asphalt road surface; σ is the Stefan–Boltzmann
constant (i.e., blackbody radiation constant), 2.014e−4 J/
(m2·h·K4); T1|z�0 is the road surface temperature, °C; Ta is
the atmospheric temperature, °C; andTz is the absolute zero,
°C, Tz � −273°C. Statistical analyses and calculations were
performed based on the relevant data obtained for the

Qinghai-Tibet Plateau in January. 2e boundary condition
parameters used in this study are shown in Table 3.

4. Results and Analysis

4.1. Law of Temperature 2reshold Change. Figure 9 shows
the change rule of the center and surface temperature
threshold of the polymer grouting material in the mold
grouting test. It can be seen from Figure 9 that the center
temperature is significantly higher than the surface tem-
perature. 2e central temperature and surface temperature
threshold of polymer grouting materials increase with the
increase in density. 2e increase in the center temperature is
larger than that of the surface temperature. In addition, the
threshold values of the center temperature and the surface
temperature of the polymer grouting materials decrease with
the decrease in the ambient temperature.

4.2. Simulation of the Heat Conduction Process. 2e nu-
merical analysis model shown in Figure 8 was meshed in
consideration of the calculation time and accuracy require-
ments. DC2D3 three-node linear heat transfer triangular
elements were used for the slopes on both sides of the sub-
grade, and DC2D4 four-node linear heat transfer quadrilat-
eral elements were used for the other structural layers. 2e
numerical analysis model aftermeshing is shown in Figure 10.
In the numerical analysis model, the solar radiation boundary
conditions were defined using the Loadmodule, by calling the
DFLUX subroutine written in the Fortran computer lan-
guage. 2e temperature and convection heat exchange
boundary conditions were defined using the Interaction
module, by calling the FILM subprograms, which were also
written in Fortran. 2e surf radiation module defined the
pavement effective radiation boundary conditions.

4.3. Initial Temperature Field. For this study, according to
the core sample results obtained on the road, a rectangular
void region of 200×1 cm was set between the base layer and

Table 2: 2ermal material properties of the foundation.

Parameters Gravelly soil fill Gravelly soil Gravel and clay silt Silty clay
Density ρ (kg/m3) 2000 2100 2340 2080
Specific heat capacity of frozen soil Cf (J/(kg·°C)) 852 895 983 1200
Specific heat capacity of melted soil Cu (J/(kg·°C)) 1020 996 1220 1370
2ermal conductivity of frozen soil λf (W/(m·°C)) 1.985 2.26 1.32 1.85
2ermal conductivity of melted soil λu (W/(m·°C)) 1.916 1.98 0.95 1.36

Table 3: Boundary condition parameters.

Time January
Total daily solar radiation (MJ/m2·d−1) 10
Solar radiation absorption rate 0.9
sDaily sunlight (h) 6.38
Daily maximum temperature (°C) −8.4
Daily minimum temperature (°C) −23.4
Daily average temperature (°C) −16.7
Daily average wind speed (m/s) 5.17
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the cushion of the numerical model at a depth of 45 cm from
the road surface. In the numerical model, input the thermal
property parameters in Tables 1 and 2 into the corre-
sponding structural layer materials. 2en, the initial tem-
perature field of subgrade was obtained by steady-state
calculation. 2e initial temperature fields of the frozen soil
subgrade models with and without void damage are shown
in Figure 11.

Figure 11 shows that the initial temperature field dis-
tribution of the two subgrade types had similarities and
differences. 2e minimum temperature of the ground sur-
face of both subgrades was –15°C. As the depth increased,
the temperature of the subgrade gradually increased,
reaching the maximum temperature of 6°C at 0.5m below
the ground surface. 2e temperature of the subgrade then
decreased gradually with depth, and the entire model had a
continuous layered distribution characteristic. In contrast,
under the influence of the void effects, the temperature field
distribution isotherm displayed a discontinuity zone in the
void region of the frozen soil subgrade and presented ra-
dioactive distribution characteristics along both sides of the

void region. 2ese observations are explained by the void
region of the frozen subgrade being full of air. Due to the
effect of the freeze-thaw cycle, the humidity of the air was
relatively high, and its thermal conductivity was significantly
different from that of the surrounding soil. 2erefore, the
heat conduction process in the void region had a discon-
tinuity, ultimately leading to a discontinuous temperature
distribution curve in this area.

4.4. Frozen Soil Subgrade Temperature Field Spatial Distri-
bution Characteristics during Polymer Grouting Repair.
Figures 12–14 show the temperature field spatial distri-
bution characteristics under the effect of the polymer
grouting repair. Figure 12 shows that the temperature
threshold of the polymer grouting material in the void
region of the frozen soil subgrade could be as high as 90°C.
2e curing reaction of the polymer grouting material re-
leased heat energy, which caused the temperature of the
subgrade near the void region filled by the grout to increase
continuously and resulted in the observed ring-shaped
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Figure 9: Temperature threshold of polymer grouting material: (a) central temperature and (b) surface temperature.

Figure 10: Meshing of the numerical model.
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isothermal distribution. 2e temperature decreased from
81.25°C to 2.52°C from inside to outside the modeled
structure. Figure 13 shows that when the central temper-
ature of the polymer grouting material decreased to 60°C,
the temperature threshold of the subgrade around the
grout-filled void region decreased from 81.25°C to 53.58°C.
2e temperature of the annular isotherm decreased from
53.58°C to –4.18°C from the inside to the outside, at which
time the temperature of the subgrade around the void
region was negative, but the ring isotherm remained
positive. As shown in Figure 14, when the central tem-
perature of the polymer grouting material decreased to
14°C, the temperature threshold of the subgrade around the
grout-filled void region was only 11.75°C, which was 86%
lower than the maximum temperature of 81.25°C. 2e
temperature of the annular isotherm decreased from
11.75°C to –9.33°C from inside to outside; concurrently,
negative values appeared around the outer ring isotherm,
and negative temperature isotherms formed.

Analysis of the spatial distribution characteristics of this
temperature field revealed that the temperature of the frozen
soil subgrade around the void region increased continuously
due to the release of heat energy from the curing reaction.
2e ice crystals absorbed the heat, melted into liquid water,
and absorbed the heat transferred from the polymer
grouting material to the surrounding areas. 2is led to the
isotherm around the void region changing from a layered
radioactive distribution to a ring distribution that decreased

from inside to outside. Locations further from the void
region were less affected by the release of heat energy caused
by the grout curing. Radioactive isotherms remained around
the annular temperature field. 2e center temperature of the
polymer grouting material began to gradually decrease after
reaching its maximum due to the effects of the ambient
temperature. During this process, the temperature of the
outermost layer of the ring-shaped isotherm first began to
decrease and then gradually formed a ring-shaped negative
temperature isotherm. As the cooling process continued, the
range of influence of the thermal energy released by the
grout curing on the subgrade temperature field decreased
further.

4.5. Time-Varying Temperature Changes in the Monitoring
Points of the Frozen Subgrade during Grouting. In the nu-
merical analysis model of frozen soil subgrade, 13 tem-
perature monitoring points with an interval of 2.5 cm were
evenly arranged above the center of the void region, and nine
temperature monitoring points with an interval of 2.5 cm
were evenly arranged below the center of the void region.
Figures 15 and 16 show the temperature changes of the
monitoring points with time. It can be seen from Figure 15
that the temperatures of the monitoring points located at
0.0 cm, 2.5 cm, 5.0 cm, 7.5 cm, 10.0 cm, 12.5 cm, and 15 cm
above the center of the frozen soil subgrade void region were
significantly affected by the heat energy released by the
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Figure 11: Initial temperature field distribution (a) without void damage and (b) with void damage.
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Figure 12: Temperature field distribution characteristics of the polymer grouting material at the maximum central temperature.
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Figure 13: Temperature distribution characteristics of the polymer grouting material when the central temperature decreased to 60°C.
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polymer grouting material. Among them, the temperature
change was the largest at the monitoring point at 0.0 cm,
rising to 89.5°C relatively quickly, while the highest tem-
perature at the monitoring point at 2.5 cm was only 32.5°C.
2e temperature changes of the other six monitoring points
were less affected by the heat released by the polymer.
Among them, the temperature of the monitoring point at
30 cm was essentially unchanged. Figure 16 shows that the
temperatures of the monitoring points located at –0.0 cm,
–2.5 cm, –5.0 cm, and –7.5 cm under the center of the void
region were substantially impacted by the heat energy re-
leased by the polymer grouting material. Among them, the
temperature of themonitoring point at 0.0 cm rose rapidly to
89.2°C, while the highest temperature of the monitoring
point at –2.5 cm was only 21.5°C. 2e temperature changes
of the other five monitoring points were less affected by the
heat released by the polymer, and the temperature of the
monitoring point at –20 cm was relatively unchanged.

Comparing Figures 12 and 13 shows that the monitoring
points at 0.0 cm and –0.0 cm were located on the critical
planes of the upper and lower sides of the void region of the
frozen subgrade, respectively. 2erefore, the maximum
temperature of the two monitoring points was consistent
with the temperature threshold of the curing reaction. 2e
temperature threshold of the monitoring point at 2.5 cm was
32.5°C, which is 11°C higher than the 21.5°C observed at
–2.5 cm. Comparing the monitoring point temperatures
over time reveals that the temperature of the frozen soil
subgrade located above the void region changed drastically
due to the effect of the heat energy released by the polymer
grouting material. 2e temperature at the monitoring points
at 30 cm and –20 cm remained virtually unchanged.
2erefore, the upper and lower boundaries of the influence
range of the heat release reaction could be considered to be
30 cm and 20 cm, respectively.

5. Conclusions

In this study, firstly, the influence of void damage on the
temperature field of frozen soil subgrade was analyzed.2en,
the heat transfer characteristics between polymer grouting
material polymerization heat release and frozen soil sub-
grade were studied. Finally, the influence range of polymer
grouting material polymerization heat release on the tem-
perature field of frozen soil roadbed was clarified. 2e
conclusions are as follows:

(1) 2e temperature field inside the frozen soil subgrade
had a continuous layered distribution. However, in
the void region, the temperature field distribution
isotherm was interrupted by a gap, and a disconti-
nuity zone appeared in the void region, revealing the
characteristics of the distribution of radioactivity
along the two sides of the void region.

(2) During the exothermic curing reaction of the
polymer grouting material, the temperature of the
frozen soil subgrade around the void region con-
tinuously increased due to the release of heat energy.
Spatially, the distribution of isotherms changed from

a layered radioactive distribution to a ring distri-
bution that decreased from inside to outside. During
the natural cooling process, the peripheral temper-
ature of the ring isotherm first decreased and a
negative temperature ring isotherm gradually
formed.

(3) 2e temperature of the frozen soil subgrade above
the void region was greatly affected by the heat
energy released by the polymer grouting material,
and the rate of temperature change was greater than
for the measurement points below the void region.
2e upper boundary of the influence range of the
thermal energy released by the polymer grouting
material on the subgrade temperature field was
30 cm, and the lower boundary was 20 cm.
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*e influence and prediction of shield tunneling construction on surface settlement (SS) and adjacent buildings is a hot topic in
underground space engineering. In this work, several analytical methods are utilized to estimate the maximum surface settlement
(MSS) and conduct a parametric sensitivity analysis based on Xi’an Metro line 2. *e results show that there are mainly nine
factors influencing the SS induced by shield tunneling construction in loess strata. *e disturbance degree of the surrounding soil
during the shield advancing stage has the largest influence on the SS, followed by the seepage of the shield lining segments or
falling water levels, which lead to the overlying soil consolidation. After this is the grouting filling effect at the shield tail, followed
by the reinforcement effect of the tunnel foundation and the track. *e smallest influencing factors on the SS are the shield
overexcavation and improper shield attitudes during the construction period. *e sensitivity analysis results of the above
influencing factors may offer a scientific guidance for the control of shield tunneling construction.

1. Introduction

In the Xi’an loess strata, more than 20 subway lines are under
construction or being designed.*e subways are constructed
with the shield tunneling method, and these subways cross
beneath ancient sites, architectural structures, ground fis-
sures, underground pipelines (e.g., water and natural gas),
and other buildings.*rough long-term investigations of the
existing subway lines constructed in loess strata, serious
issues with the tunnels and subway stations have been re-
ported, such as the uneven deformation of lining segments,
soil strata, and pavements; lining seepage; underground
pipeline ruptures; and tilting of buildings and foundations.
*ese issues greatly influence the surface settlement (SS) and
the structural integrity of adjacent structures. *e SS in-
duced by shield construction can be classified into two
categories. In the first category, the SS is caused by the
improper control of the shield excavation during the con-
struction period. In the second category, the SS occurs
during the postconstruction period because of changes in the

mechanical properties of the soil around the tunnel. Con-
trolling and forecasting the SS during shield tunneling are
the most important geotechnical engineering problem to be
solved. A number of analytic methods have been proposed
and widely used to predict the SS in the engineering practice
[1–11].

In previous research results, there are many analytical
estimation methods to predict the SS induced by tunneling
construction. *e displacement-controlled boundary
around the tunnel opening has usually been expressed as
different convergence modes in the reported methods, such
as the point source theory [1–3, 12], the complex variable
theory [4, 5, 13–16], the stress function elastic theory
[6, 7, 17, 18], and the stochastic medium method [8, 9].
Huang and Zeng [10] proposed the uniform convergence
model and the analytical solution of the stratum displace-
ment for the double-circle shield tunnel. Based on the elastic
solutions of Lame and Kiersch, Liu and Zhang [19] also
proposed an analytical solution of the SS caused by tunnel
excavation under the condition of plane strain and
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nonuniform stress field. Lu et al. [20] proposed a unified
displacement function of the cross section of a circular
shallow tunnel under complex geological and construction
conditions.*is function is expressed by a Fourier series and
can reflect the horizontal and vertical asymmetrical defor-
mation behaviors of the tunnel cross section. Shen and Zhu
[21] proposed an analytical method using the virtual image
technique and Fourier transform solutions to estimate the
ground SS caused by the tail void grouting pressure in shield
tunnel construction. Fang et al. [22] reported that a normal
probability function can be extended to estimate the SS due
to shield tunneling, which can consider various types of
shield machines, depths, and diameters. Zhang et al. [11]
presented an analytical solution by the complex variable
method to predict the soil deformation due to tunneling in
clay; this approach considers the linear stiffness influence
and the nonuniform convergence boundary condition.

*e analytical methods that are described above sys-
tematically consider the stratum conditions and the shield
construction technologies. However, when predicting the SS
in the postconstruction period, it is difficult to consider the
variable features of unsaturated-saturated loess strata, such
as the underground water level decline, the dissipation of
pore water pressure, the creep deformation of the sur-
rounding soil, and the train vibration loading. *e water
seepage issues and the causes of the uneven settlement of the
tunnel in Shanghai Metro lines 1 and 2 have been widely
investigated and reported. In addition, the SS that has been
induced by the additional load, the underground con-
struction, and fall of the ground water level has also been
studied by Shen et al. [23–27]. Ng et al. [28] summarized the
settlement measurements of Shanghai Metro line 1 from
1994 to 2007, and the relationship between ground
pumping, foundation soil compression, and the tunnel
settlement has been reported. Soga et al. [29] studied the
tunnel deformation caused by the dissipation of excess pore
water pressure of the soil and the aging of grouting materials
after lining segments in the London subway. A theory for
calculating the SS has been proposed, which considers the
interactions between the soil and the lining. Based on dy-
namic load testing, the critical dynamic stress ratio and the
dynamic stress amplitude of saturated loess were proposed
by Cui [30]; and the SS caused by the subway vibration
loading has been calculated.

In addition, the surface settlement induced by freezing
construction is becoming a trending issue in the freeze-thaw
zone. Zhou et al. [31] and Shen et al. [23] studied the path-
dependent mechanical behaviours of frozen loess based on
the experimental investigation. Zheng et al. [32] proposed a
practical method to simulate and predict the ground surface
deformation during the entire artificial ground freezing
construction process. A model test system and numerical
method were used by Cai et al. [33] to simulate horizontal
ground freezing on the heaving displacement of twin tun-
nels. Zhou et al. [34] published a segregation potential model
to predict the frost heaves during freezing construction.

From the above, valuable results have been reported on
analytical methods for the SS induced by underground
construction; however, there is still no systematic research to

explore the influence degrees of different factors on the SS,
which is essential for determining the prioritization of SS
control measures. On the basis of summarizing previously
reported analytical methods and taking the shield con-
struction of the Xi’an Metro in the loess stratum as the
research background, the calculation methods of surface
settlement induced by nine factors were proposed, and a
parametric sensitivity analysis of the maximum surface
settlement (MSS) induced by each individual influence
factor was conducted. *e resulting sensitivity indexes are
sorted in order to provide technical guidance for SS controls
during the shield tunneling construction.

2. Estimation of the Maximum
Surface Settlement

2.1. Maximum Settlement Estimation of the Tunnel Vault
during theConstructionPeriod. Due to the improper control
of the shield excavation, the factors inducing the settlement
of the tunnel vault mainly include (1) inadequate shield
support pressure, (2) insufficient grout filling in the shield
tail, (3) insufficient grouting pressure, (4) overexcavation by
the shield yawing, and (5) improper shield attitude. *e
methods to calculate the volume loss of the stratum and the
SS generated when the tunnel vault deformation is induced
by these factors are summarized in the following.

2.1.1. Tunnel Vault Settlement Induced by Inadequate Shield
Support Pressure. During the tunneling of the earth pres-
sure-balanced shield machine, the shield support pressure
(Pi) plays a dynamic balancing role on the lateral soil
pressure (K0P0 or K0′Pv

′+Pw) at the excavation surface.
When the lateral soil pressure between the shield head and
the excavation surface is unbalanced, it inevitably leads to
the ground uplift and settlement. When Pi �K0P0 (see
Figure 1(a)), the lateral soil pressure is in an equilibrium
state, and little additional stress occurs on the excavation
surface. When the shield support pressure is lower than the
lateral earth pressure (Pi<K0P0, see Figure 1(b)), the tunnel
vault settlement occurs. When the shield support pressure is
higher than the lateral earth pressure (Pi>K0P0, see
Figure 1(c)), the tunnel vault and surface uplift. *is
principle is illustrated in Figure 1.

In order to determine the tunnel vault settlement in-
duced by an inadequate shield support pressure under
undrained conditions, Lee and Rowe [35] proposed a two-
dimensional analytical solution by considering the three-
dimensional elastic-plastic deformation at the excavation
surface. *e shield support pressure ratio β� Pi/(K0′Pv

′+Pw)
is introduced into the above solution, and the tunnel vault
settlement (uc1) formula can be written as follows:

uc1 �
ΩR K0′PV

′ + Pw − Pi( 

2Eu

�
ΩR(1 − β) K0′PV

′ + Pw( 

2Eu

,

(1)

where uc1 is the tunnel vault settlement and Ω is the hor-
izontal displacement coefficient at the shield excavation
surface, which is determined by a 3D numerical simulation
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of the shield tunnel excavation. In addition, K0 is the co-
efficient of the lateral soil pressure in the tunnel; P0 is the
vertical soil pressure at the tunnel axis (kPa); K0′ is the
horizontal lateral pressure coefficient under the undrained
condition; Pv

′ is the vertical effective stress (kPa) at the tunnel
axis; Pw is the pore water pressure (kPa) at the tunnel axis; Pi
is the support pressure of the shield chamber (kPa); R�D/2
is the tunnel excavation radius (m); D is the shield exca-
vation diameter (m); and Eμ represents the undrained elastic
modulus of the overlying soil stratum of the tunnel (MPa).

Liu [36] reported that, in reality, drained elastic modulus
E0 is 2.0∼5.0 times larger than the compression modulus Es.
He suggested that the relationship between E0 and Es could
be a function of the initial void ratio (e0) in the loess stratum:

E0 �
2.718Es

e0
. (2)

According to elastic theory, the relationship between the
undrained elastic modulus Eu and the partially drained
elastic modulus E0 can be expressed as

Eu

E0
�
1 + ]u

1 + ]0
. (3)

*erefore, by combining (2) and (3), the undrained
elastic modulus can be written as

Eu �
2.718Es 1 + ]u( 

1 + ]0( e0
, (4)

where ]u � 0.5 is the undrained Poisson’s ratio and ]0 is the
drained Poisson’s ratio. In the loess stratum, ]0 can be es-
timated using ]0 �K0/(1 +K0), where K0 is the coefficient of
lateral stress at rest (and is equal to 1.0 under undrained
conditions).

Based on the above theory, in shield tunneling con-
struction, the undrained condition means that the soil
around the tunnel will not be consolidated and drained
during the rapid shield advancing. *e soil element is in the
uniform compression state, and the coefficient of lateral
stress at rest is K0 �1.0; therefore, the undrained Poisson’s
ratio ]u �K0/(1 +K0)� 1/2� 0.5.

2.1.2. Tunnel Vault Settlement Induced by Insufficient
Grouting at the Shield Tail. During shield tunneling, for
controlling the volume loss of the stratum, the grouting at
the shield tail can be rapidly filled in the physical gap be-
tween the shield shell and the lining Gp � 2Δ+ δ [35], as
illustrated in Figure 2. However, due to the lengthy oper-
ation time span, grouting losses can occur during transport,
and the grouting volume can shrink and harden. As a result,
the grouting cannot fully fill the gap. *e soil behind the
lining segments collapses, and the tunnel crown settlement
occurs.

*e settlement of the tunnel crown caused by insufficient
grouting at the shield tail is

uc2 � (1 − ω)Gp, (5)

K0P0

Balance

Shield machine

Pi+ = 0
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Figure 1: Surface movement behavior during the shield machine advancing. (a) Pi �K0P0. (b) Pi<K0P0. (c) Pi>K0P0.
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where the parameter Gp is the shield physical gap (mm), d is
the outer diameter of the shield segment lining, Δ is the
thickness of the shield tail appendages, δ is the lining as-
sembling clearance, and ω is the grouting filling rate. *e
value of ω is controlled between 0.8 and 1.0; the average
value of ω is between 0.90 and 0.95 when the shield control
technology is rigorously applied.

2.1.3. Tunnel Vault Settlement Induced by Insufficient
Grouting Pressure. As the shield tunnel advances, the
synchronous grouting at the shield tail is mainly distributed
in the range of 90∼180° around the lining arch ring. For a
simple analysis, the grouting pressure (Pil) at the shield tail is
distributed in the “crescent shape” as illustrated in Figure 3.
In this way, when the grouting equipment fails or the
grouting pressure is not balanced with the initial soil

pressure, the soil around the tunnel is inevitably filled into
the shield gap, and the volume loss of the stratum occurs.
When Pil<Pv (see Figure 3(a)), the overlying soil stratum
subsides; in contrast, when Pil>Pv (see Figure 3(b)), the
surface uplifts (i.e., heaves). *is principle is illustrated in
Figure 3.

Rowe et al. [37] proposed the tunnel vault settlement
is caused by an insufficient supporting force. *is can be
extended to the condition in which the grouting pressure
is less than the tunnel vault settlement (uc3). Because the
grouting pressure (Pil) and the initial soil pressure (P0)
are a pair of unbalanced forces, the grouting pressure
ratio λ� Pil/P0 can be introduced to Rowe’s formula to
calculate the tunnel vault settlement under different
grouting pressure ratios.

uc3 �
1
3
∼
1
4

  × R 1 −

��������������������������������������
1

1 + 2 1 + vu( cu/Eu(  exp (1 − λ)P0 − cu/2cu(  
2



⎡⎢⎣ ⎤⎥⎦, (6)

where Eu, cu, and ]u are the undrained elastic modulus
(MPa), cohesive strength (kPa), and Poisson’s ratio of the
overlying strata of the tunnel, respectively. P0 is the vertical
soil pressure of the tunnel axis; Pil is the average grouting
pressure (kPa) on the tunnel vault; and Pv is the overburden
pressure at the tunnel vault. According to the theory of Rowe
et al. [37], the values of the coefficients 1/3 and 1/4 in
equation (4) are set as follows: when the soil mass at the
tunnel crown undergoes elastic deformation, the value is set
to 1/3; when the elastic-plastic deformation of the soil mass
at the tunnel crown occurs, the value is set to 1/4. *e
deformation pattern at the tunnel crown is determined by
the stability coefficient of the excavation surface N, which
has been introduced in Section 2.1.1.

2.1.4. Tunnel Vault Settlement Induced by Overexcavation.
As the shield tunnel advances, the heterogeneity of the soil
stratum leads to the shield snaking or yawing, causing an
overexcavation of the shield. Suppose the radial maximum

eccentricity is δ0, which can be calculated from the measured
values of the horizontal eccentricity SH and vertical eccen-
tricity SV, and its eccentricity angle is α. *en, the shaded
area (Se) on the tunnel section is the overexcavation area.
When the shield tunneling machine is corrected to the
design axis, overexcavation inevitably occurs as illustrated in
Figure 4. In order to calculate the volume loss of the
overburden soil caused by overexcavation, the over-
excavation area (Se) is equivalent to the “crescent” area of the
arch. According to the gap parameter principle in Figure 2,
the tunnel vault settlement (uc4) caused by the over-
excavation can be obtained:

uc4 � 2

���������������������������������

2R
2 1 −

1
π
arccos

κL

2R
  +

κL

2π

���������

4R
2

− κ2L2




− R⎛⎝ ⎞⎠,

(7)

where δ0 � κL is the yawing distance of the shield head (mm),
κ is the overexcavation rate, κ� 0.0%–±2.0%, and L is the
length of the shield tunneling machine (m).
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Figure 2: Gap of the shield tail (after Lee and Rowe [35]).
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2.1.5. Tunnel Vault Settlement Induced by Improper Shield
Attitude. As the shield tunneling advances, compression
deformation occurs at the top or the bottom of the tunnel
due to the failure of the tunneling system. *e tunnel vault
settlement (uc5) caused by the head knocking and lifting of
the shield tunneling machine is described as follows:

uc5 � Lξ, (8)

where ξ is the head knocking and lifting slope of the shield
tunneling machine deviating from the central axis, generally,
the term ξ � −3.0%∼+3.0%, and L is the length of the shield
tunneling machine (m).

2.2. Estimation of the Surface Settlement during the Post-
construction Period. *e SS caused by the shield tunnel
advancing during the construction period can be strictly
controlled within the allowed values according to con-
struction experience. However, during the postconstruction
period, the geological conditions change over time, which
impacts the SS. *ese dynamic conditions include (1) the
recompression of the soil in the loosened circle around the

tunnel, (2) the dissipation of excess pore water pressure
induced by the shield tunneling advancing, (3) the sur-
rounding soil consolidation due to the failure of the wa-
terproofing behind the lining and the underground water
level decline, (4) the foundation settlement caused by the
train vibration loading, etc.

2.2.1. Recompression Settlement of the Soil in the Loosened
Circle. As the shield advances and cuts, the surrounding soil
is disturbed and loosened due to the friction effect between
this soil and the shield machine. *is can lead to the plastic
deformation and instability of the surrounding soil. *e
radius of the loosened circle is R0, and the ratio of the
loosened circle radius to the shield tunnel excavation radius
is defined as η�R0/R. Because of the recompression of the
loosened soil around the tunnel, the uniform convergence
deformation of the tunnel boundary is calculated as follows:

up1 � mv
′ c H − R0(  − Pil  R0 − R( 

� mv
′(η − 1)R c(H − ηR) − Pil ,

(9)
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Figure 3: *e surface movement during the shield tail grouting: (a) Pil<Pv and (b) Pil>Pv.
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where up1 is the uniform convergence deformation of the
loosened soil circle; H is the buried depth of the tunnel axis
(m); mv

′ is the soil volume compression coefficient of the
loosened circle (MPa−1), which is 3∼5 times that of un-
disturbed soil; if considering the secondary grouting or

strata pre-reinforcement effect, the volume compression
coefficient of the soil mv

′ is 0.2∼1.0 times that of undisturbed
soil; and R0 is the plastic zone radius of the loosened soil
circle (m), which is calculated as follows:

R0 � R
(1 − sin φ) 0.5 1 + K0( P0 − 1 − K0( P0 + c/tanφ 

Pil + c/tanφ
 

((1−sinφ)/2 sinφ)

, (10)

where c and φ are the cohesive force (kPa) and the
internal friction angle (°) of the soil mass, respectively, K0
is the lateral pressure coefficient of the soil mass, and Pil is
the grouting pressure (kPa). If no measured data are
available, Pil can be taken as the recommendation by Liu
[36]:

Pil � (0.25 − 0.50)
cR[1 + tan(π/4 − φ/2)]

tan φ
. (11)

Suppose the stratum volume loss (V) due to the
recompression of the soil in the loosened circle can be
expressed as follows:

V � π R
2
0 − R0 − up1 

2
 . (12)

*en, according to equation (7), the relationship among
the total convergence deformations of the tunnel (2up1), the
MSS (Sp1), and the volume loss (V) is

2up1 �
V

���
2π

√
iz1

,

Sp1 �
V
���
2π

√
i1

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

*e settlement trough width (iz1) caused by soil
recompression in the loosened circle during the post-
construction period is inconsistent with the surface settle-
ment trough width (i1) during the construction period.
According to experience [38], the relationship between iz1
and i1 can be expressed as iz1 � (1− 0.65z1/H)i1, where,
z1 �H−R0. *us, Sp1 induced by the recompression of the
loosened circle can be written as

Sp1 � 2up1 1 − 0.65
z

H
  � 2up1 0.35 + 0.65

R0

H
 . (14)

2.2.2. Consolidation Deformation Caused by the Dissipation
of Excess Pore Pressure. As the tunnel advances below the
underground water level, when the thrust and friction of the
shield tunneling machine and the grouting pressure are not
balanced in the initial stress field, the additional load gen-
erates. *en, the soil within a certain range around the
tunnel exhibits an excess pore pressure. It is assumed that the
excess pore pressure at the tunnel crown is P1, and the excess
pore pressure at the ground surface is P2. *e underground

water level is dw below the surface, and the vertical distance
between the initial underground water level and the tunnel
axis is hw. According to the measurement, the distribution
characteristics of the excess pore pressure around the tunnel
are illustrated in the shaded part in Figure 5.

When the shield tunnel passes through the research
region, the excess pore pressure gradually dissipates, and the
consolidation deformation of the ground surface occurs. It
can be calculated as follows [39]:

Sp2 �
hw − R( kyt

���
2π

√
i2

, (15)

where Sp2 is the SS value caused by the excess pore pressure
dissipation; ky is the weighted average of the vertical per-
meability coefficient (m/d) of the overlying soil layers; i2 is
the settlement trough width; hw is the depth of the un-
derground water level from the tunnel axis (m); and t is the
dissipation time of the excess pore pressure (d). *e dissi-
pation time is related to the average excess pore pressure P
and the average compression modulus Es of the soil skeleton
as follows:

t �

���
2π

√
kHP

Esky

. (16)

When considering situations in which foundation re-
inforcement measures are taken, the term Es can be replaced
with the composite foundation formula Esp � [1 +m(n− 1)]α
Es, where m is the replacement rate, n is the pile-soil
modulus ratio, and α is the compression modulus ratio
between the piles and the soil. According to engineering
experience, Esp≈ 1.5–6.0Es; for saturated loess strata, the
average value is Esp � 4.0Es.

When there are nomeasured data, the average additional
pressure (P) at the excavation surface is P�±20 kPa. *e
average excess pore pressure (P� (P1 +P2)/2) in the satu-
rated soil around the tunnel during shield tunnel advancing
can also be approximately calculated by Xu [40].

(1) When N� (K0′Pv
′+Pw − Pi)/cu> 0,

P � 0.5cu (N + 1 + a
�
6

√
) + a

�
6

√ R

H
 

2
exp(N − 1) .

(17)

(2) When N� (K0′Pv
′+Pw − Pi)/cu< 0,
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P � 0.5cu (a
�
6

√
− N − 1) + a

�
6

√ R

H
 

2
exp(−N − 1) ,

(18)

where cu is the undrained shear strength, a is the
Henkel coefficient, for saturated loess, a� 0.12, and
the other parameters have the same physical
meaning as for (1). Now, assuming the excess pore
pressure ratio ψ � P/P0, the SS caused by the excess
pore pressure dissipation is written as

Sp2 �
hw − R( P

Es

�
hw − R( ψP0

Es

. (19)

2.2.3. Consolidation Deformation Caused by the Decline of
the Underground Water Level. *e underground water level
declines when the drainage facilities of the underground
structure of the shield tunnel fail, which leads to the long-
term consolidation settlement of the ground surface. Sup-
pose that the initial underground water level below the
surface is dw, andH0 is the reference depth below the surface.
*e initial water level, the final water level, and the decline of
the water level are h1, h2, and Δh� h1 − h2, respectively. Es1 is
the soil compression modulus after consolidation (MPa),
and Es2 is the compression modulus of the saturated soil
(MPa). *e water level decline and the effective stress of soil
changes are illustrated in Figure 6.

According to Figure 6, based on one-dimensional con-
solidation theory, the consolidation deformation (S1) caused by
the water level decline within the scope of Δh and the com-
pression deformation (S2) caused by the increase of the ef-
fective stress within the scope of h2 can be calculated as follows:

S1 �
0.5cwΔh

2

Es1
,

S2 �
cwΔh H0 − Δh − dw( 

Es2
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(20)

Assume that the average densities of loess strata and pore
water are cl � 19 kN/m3 and cw � 9.8 kN/m3, respectively,
andH0 is the calculation depth of the additional stress due to
the water level decline. According to the theory of soil
mechanics, suppose that cwΔh� 0.2clH0 and the term H0 is
approximately equal to 3Δh; then, the total consolidation
settlement (up3) at the initial water level caused by the water
level decline is

up3 � ζcwΔh
Δh
2Es1

+
2Δh − dw

Es2
 . (21)

When 2Δh− dw ≤ 0, take 2Δh− dw � 0; when Δh>hw +R,
take Δh� hw +R. If there are no measured values, the term
Es1 is equal to 1.2Es2. ζ is the settlement adjustment coef-
ficient, which considers the loess structural and hardening
effect after the water loss in the loess; the term ζ � 0.3 is used
in the saturated loess area. *e decline in the ratio of the
water level can be defined as θ�Δh/hw, while equation (21)
can be expressed as a function of θ as follows:

up3 � ζcwΔh
θhw

2Es1
+

(2θ + 1)hw − H

Es2
 . (22)

Assume that the stratum volume loss (V) due to the
consolidation settlement is equal to 2Rup3, while the rela-
tionship among the maximum SS (Sp3), up3, and V can be
expressed as follows:

up3 �
V

���
2π

√
iz3

,

Sp3 �
V
���
2π

√
i3

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(23)

According to the theory proposed by Han [38], the
relationship between the deep layer settlement trough width
(iz3) and the surface settlement trough width (i3) can be
written as iz3 � (1− 0.65z3/H) i3, and the term z3 � dw. Based
on the above principles, the MSS value of Sp3 caused by
consolidation can be obtained as follows:

dw
R

X

Y

H
P2

P1

hw

Natrual ground

Underground
water level

Increase zone
of excess pore

pressure

Decrease zone
of excess pore

pressure

Figure 5: Distribution of excess pore water pressure.

dw
∆h

h 1

h 2

R

H
0

ES1

ES2

Natrual ground

Initial water level

Final water levelγw∆h

γw∆h

Figure 6: Additional stress caused by the decline of the under-
ground water level.
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Sp3 �
iz3
i3

up3 � up3 1 − 0.65
dw

H
 . (24)

2.2.4. Seismic Surface Settlement Caused by the Train Vi-
bration Loading. During the operational period of the
subway, the large and medium pores of saturated loess in the
tunnel foundation collapse under the train vibration cyclic
loading. *is causes a certain fatigue damage and com-
paction phenomenon of the tunnel foundation, and the
settlement of the overlying soil and tunnel occurs. Based on
extensive dynamic triaxial cyclic testing of saturated loess
strata of the Xi’an subway, Zhang [41] reported that the
dynamic stress ratio Rd � 0.026∼0.192 when the vibration
frequency f� 2.0Hz. In addition, the author reported the
following empirical equation that relates the loess residual
strain (εc

s) and Rd:

εc
s � 2cR

m
d

arctan 202.44R
m
d( 

π
, (25)

where c� 0.333, m� 1.259, and Rd � 0.5σd/σ3; σd is the
amplitude of the dynamic stress (kPa), and σ3 is the initial
confining pressure of the soil (kPa).

According to the existing empirical analyses, the influ-
ence depth of the dynamic stress load (hd) is reported to as
being between 3.0 and 5.0m beneath the tunnel foundation.
In this way, the seismic SS of the saturated loess under the
tunnel foundation can be obtained. It should be noted that
when the tunnel foundation is unsaturated loess, the seismic
deformation does not exist. Based on the theory of stratum
volume loss, the volume loss due to seismic deformation (V)
is equal to 2Rhdεc

s , and the seismic settlement at the tunnel
crown can be obtained as follows:

up4 �
V

���
2π

√
iz4

�
2Rhdε

c
s���

2π
√

iz4
�
0.51cRR

m
d arctan 202.44R

m
d( hd

iz4
,

(26)

where iz4 is the width of the settlement trough at depth
z4 �H-R; i4 is the width of the surface settlement trough
caused by the seismic settlement. According to the theory
proposed by Han [38], iz4 � [1− 0.65(H-R)/H)]i4.*eMSS of
Sp4 caused by the train vibration loading can be written as
follows:

Sp4 �
iz4

i4
up4 � up4 1 − 0.65

H − R

H
  � up4 0.35 + 0.65

R

H
 .

(27)

2.3. Modified Peck Curve of the Surface Settlement Trough

2.3.1. Surface Settlement Prediction during the Construction
Period. It is assumed that the convergence form of tunnel
sections is “crescent” shaped, as shown in Figure 2, and the
volume loss caused by the convergence of tunnel sections
beneath undrained conditions during the shield tunnel

construction is equal to that caused by the SS. According to
the concept of volume loss [12] and the Peck formula [42],
the MSS during the shield construction period under dif-
ferent influencing factors can be estimated. *e relationship
among Sc, volume loss (Vl), surface settlement trough width
(i), shield tunnel excavation radius (R), and tunnel vault
settlement (uc) during the construction period is written as
follows:

Sc �
VlπR

2
���
2π

√
i

�
πR

2 4ucR + u
2
c 

4R
2 ���

2π
√

i
�
0.313 4ucR + u

2
c 

i
. (28)

By taking the aforementioned five influencing factors
into consideration, the estimated expressions of the cu-
mulative MSS (Sc) and the cumulative tunnel vault settle-
ment (uc) during the construction period can be obtained as
follows:

Sc � 
5

j�1
Scj,

uc � 
5

j�1
ucj,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(29)

where Scj and ucj are the MSS value and the tunnel vault set-
tlement during the construction period, respectively; j� 1∼5 is
the number of influencing factors; and i is the SS trough width
(m). Based on reported experiences, the SS trough width i� kH,
where k is the coefficient of the SS trough width.

*e formula for estimating the SS trough curve (Sxc)
during the construction period can be obtained by
integrating the aforementioned five factors (the five
factors are shown in Section 2.1, which are the settlement
induced by inadequate shield support pressure, the
settlement induced by insufficient grouting at the shield
tail, the settlement induced by insufficient grouting
pressure, the settlement induced by overexcavation of the
shield, and the settlement induced by improper shield
attitude, respectively.) as follows:

Sxc � Sc

−x
2

2i
2 , (30)

where x is the horizontal distance between the surface point
and the tunnel axis (m).

2.3.2. Surface Settlement Trough Prediction during the
Postconstruction Period. Based on Peck’s formula [42], the SS
during the postconstruction period by considering the above
four influencing factors (the four factors are shown in Section
2.2, which are the recompression settlement of the soil in the
loosened circle, the consolidation deformation caused by the
dissipation of excess pore pressure, the consolidation defor-
mation caused by the decline of the underground water level,
and the seismic SS caused by the train vibration loading, re-
spectively) can be obtained as follows:
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Sxp � Sp1
−x

2

2i
2
1

  + Sp2
−x

2

2i
2
2

  + Sp3
−x

2

2i
2
3

  + Sp4
−x

2

2i
2
4

 ,

(31)

where i1, i2, i3, and i4 are the width of the SS trough under
different influencing factors during the postconstruction
period.

2.3.3. Total Surface Settlement Trough Prediction.
According to the SS characteristics during the construction
period and the postconstruction period, the estimating
formula for the SS curve with consideration of the above
nine influencing factors based on Peck’s formula is obtained
as follows:

Sx � Sxc + Sxp � Sc

−x
2

2i
2  + Sp1

−x
2

2i
2
1

  + Sp2
−x

2

2i
2
2

 

+ Sp3
−x

2

2i
2
3

  + Sp4
−x

2

2i
2
4

 .

(32)

3. Sensitivity Analysis of the MSS Inducement

3.1. Determination of the Influencing Factors. In order to
further explore the nine factors (shield support pressure
ratio β, grouting filling rate ω, grouting pressure ratio λ,
overexcavation rate κ, slope of the shield tunneling machine
deviating from the central axis ξ, the ratio of the loosened
circle radius η, excess pore pressure ratio ψ, decline in the
ratio of the water level θ, and dynamic stress ratio Rd) with
respect to their influence degree of the MSS, it is necessary to
carry out a single-factor sensitivity analysis. For this study,
Xi’an Metro line 2 is taken as the engineering background,
and the soil stratum of the tunnel is described as follows: (1)
miscellaneous fill (0.5∼12.0m), (2) plain fill (0.0∼12.0m), (3)
new loess (0.0∼9.0m), (4) saturated loess (0.0∼5.0m), (5)
ancient soil (2.0∼5.0m), (6) old loess (3.0∼6.0m), and (7)
silty clay (more than 20m). *e underground water level is
9∼12m below the ground surface, and the tunnel vault is
approximately 1∼8m below the underground water level.
*e shield tunnel crosses the silty clay layer, and above the

tunnel crown is the saturated loess. *e physical indexes and
mechanical parameters of the soil stratum are presented in
Table 1 [43].

*e tunnel axis of Xi’an Metro line 2 is buried 14∼22m
below the ground surface, with an average of H� 19m, the
tunnel excavation diameter is D� 6.2m, the length of the
shield tunneling machine L� 8.68m, the physical gap of the
shield tunneling machine is Gp � 160mm, the control
standards for the overexcavation rate are κ� −2.0%∼+2.0%,
and the slope of the shield tunneling machine deviating from
the central axis is ξ � −3.0%∼+3.0%. According to the en-
gineering experiences of the Xi’anMetro, the variation range
of the aforementioned influencing factors and other cal-
culation parameters can be determined; these are presented
in Table 2.

3.2. Determination and Analysis of the Sensitivity Index.
In order to accurately describe the influence degree of
various factors on the MSS, the sensitivity coefficient (M) is
introduced.*e sensitivity index of a certain factor (F) to the
MSS is MF:

MF �
(ΔS/S)

ΔF/F
, (33)

where ΔS is the difference between the MSS of a certain
influencing factor and its reference value F, S is the MSS
under the reference influencing factor, ΔS/S is the variation
ratio of the MSS, F is the reference value of the influencing
factor, ΔF is the variation of the influencing factor F, and ΔF/
F is the variation rate of the influencing factor. WhenMF> 0,
it means that the MSS is positively correlated with the
influencing factor F; when MF< 0, it means that the MSS is
inversely related to the influencing factor F.

According to formula (33), the sensitivity coefficients of
the nine factors mentioned above are defined as follows:Mβ,
Mω,Mλ,Mκ,Mξ,Mη,Mψ,Mθ, andMRd; these factors can be
calculated according to formulas (34) to (42) in Table 3.

Based on equation (32) and Table 2, the calculated MSS
and the average sensitivity indexes with different influencing
factors are presented in Figure 7.*e curves of ΔS/S and ΔF/
F are illustrated in Figure 8.

From Figures 7 and 8, it can be seen that

Table 1: Physical and mechanics parameters of the tunnel’s surrounding soils.

Soil types w (%) cd
(kN/m3) e0

c’
(kPa) φ’ (°) cu

(kPa) K0′
K20 ×10−5

(cm/s)
Cv

(10−3 cm2/s)
Es

(MPa)
mv
′

(MPa−1)

Miscellaneous
fill 22.5 14.8 0.84 — — — — — — 5.6 0.54

Plain fill 23.8–25.8 13.9–14.8 0.86–0.96 — — 15 0.70 — — 5.3–6.0 0.5–0.7
New loess 24.6–25.4 14.9–15.5 0.76–0.83 35–36 24.1–26.0 20–24 0.65–0.63 1.2–3.5 1.09–2.16 6.8–7.6 0.39–0.44
Saturated loess 25.5 15.7 0.78 35 22.2 26 — — — 6.0 0.50
Ancient soil 22.8–24.9 15.8–16.4 0.66–0.73 40 25.0–26.7 25–26 0.62–0.64 2.92 0.96 5.8–7.2 0.42–0.52
Old loess 22.8–23.9 16.0–16.4 0.66–0.70 32–46 20.1–26.4 22–30 0.60–0.69 0.42–6.1 0.12–2.19 6.9–7.1 0.40–0.42
Silty clay 22.0–22.5 16.4–16.6 0.64–0.66 42–50 27.3–29.3 23–35 0.59–0.61 0.01–1.4 1.06–1.92 7.2–7.8 0.38–0.42
Note: the physical meaning of the parameters is, namely, w: water content, cd: dry bulk density, Es: compression modulus, e0: pore ratio, c′ and φ′: index of
effective shear strength, mv

′: compression coefficient of remorphic loess in the disturbed area, K0′: side pressure coefficient, K20: permeability coefficient, and
Cv: consolidation coefficient under nondrainage conditions.
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(1) *e MSS tends to decrease with the increase of β, ω,
and λ, indicating that the rate of change of these
three influencing factors is inversely correlated with
the change rate of the SS. Six influence factors (i.e., κ,
η, ξ, ψ, θ, and Rd) have positive relationships with the
MSS.

(2) From the slope of the relationship curve between the
incremental change rate of (ΔS/S) and the incre-
mental change rate of influencing factors (ΔF/F), it
shows that, during the construction period, the
change of the grouting filling rate (ω) is the most
sensitive influence factor to the MSS, followed by the
grouting pressure ratio (λ).

(3) During the postconstruction period, the ratio of the
loosened circle radius (η) has the most sensitive
influence on the MSS, followed by the decline
amount ratio of the water level (θ). It can be seen that
the grouting effect of the shield tail and the

disturbance degree to the surrounding soil during
the construction period of shield tunneling have
significant influence on the MSS.

(4) Table 3 shows that the average sensitivity index of the
nine influencing factors can be ordered from highest
to lowest, i.e., Mη � 98.97, Mθ � 11.20, Mω � 4.00,
MRd � 2.14, Mλ � 1.30, Mβ � 1.15, Mψ � 1.00,
Mκ � 0.99, and Mξ � 0.99. *is order shows that the
disturbance degree to the surrounding soil during
the shield tunnel advancing has the most significant
influence on the MSS. When the declining ratio for
the water level is high due to seepage of lining
segments, the long-term SS during the post-
construction period is also significant. During the
construction period of shield tunneling, the grouting
filling effect and the control of grouting pressure
have great influence on the SS. When the tunnel
foundation and track are not reinforced, the SS

Table 2: Numerical analysis schemes for a single factor.

Influencing
factors Parameter’s range Calculate required parameters

β 0.3 0.4 0.5 0.8 0.9 H� 19m, R�D/2� 3.1m, Gp � 160mm, i� 8.17m
Es1 � 6.6MPa, Es2 � 5.5MPa, Eu � 25.6MPa, e0 � 0.76, ]u � 0.50, ]0 � 0.39, c � 19 kN/

m3, K0′� 0.64
cu � 20.9 kPa, c′� 35.5 kPa, φ′� 24.4°
P0 � cH− Pw � 281 kPa, Pw � 80.0 kPa

Pv � c(H− hw) + c′(hw −R)� 253.1 kPa, K0′Pv
′+Pw � 242 kPa

ω 0.8 0.85 0.9 0.95 0.99
λ 0.5 0.7 0.9 1.0 1.2
κ 0.1% 0.5% 1.0% 1.5% 2.0%
ξ 0.1% 0.8% 1.5% 2.5% 3.0%
η 1.01 1.05 1.1 1.2 1.5
ψ 0.02 0.07 0.14 0.21 0.28

hw � 8.0m, when Δh≤ 0.5(H− hw),Δh� 0.5(H− hw)� 5.5m, and Δh≤R+ hw � 11.1mθ 0.69 0.94 1.19 1.31 1.38
Rd 0.03 0.08 0.a13 0.16 0.2 hd � 3m

Table 3: Sensitivity indexes of different influencing factors of the MSS.

Mβ � (ΔSc1/Sc1)/(Δβ/β) (34) Mη � (ΔSp1/Sp1)/(Δη/η) (39)
Mω � (ΔSc2/Sc2)/(Δω/ω) (35) Mψ � (ΔSp2/Sp2)/(Δψ/ψ) (40)
Mλ � (ΔSc3/Sc3)/(Δλ/λ) (36) Mθ � (ΔSp3/Sp3)/(Δθ/θ) (41)
Mκ � (ΔSc4/Sc4)/(Δκ/κ) (37) MRd � (ΔSp3/Sp3)/(ΔRd/Rd) (42)
Mξ � (ΔSc5/Sc5)/(Δξ/ξ) (38)

–140

–120

–100

–80

–60

–40

–20

0

20
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

M
SS

 (m
m

)

Influencing factors

β
κ
ψ

ω
ξ
θ

λ
η
Rd

Figure 7: MSS values under different influencing factors.
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Figure 8: Relationship between theMSS ratio and the influencing factor ratios: (a)ΔSc1/Sc1−Δβ/β, (b)ΔSc2/Sc2−Δω/ω, (c)ΔSc3/Sc3−Δλ/λ, (d)ΔSc4/
Sc4 − Δκ/κ, (e) ΔSc5/Sc5 − Δξ/ξ, (f) ΔSp1/Sp1 − Δη/η, (g) ΔSp2/Sp2 −Δψ/ψ, ΔSp3/Sp3−Δθ/θ, and (i) Sp4/Sp4 − ΔRd/Rd.
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caused by the train vibration loading cannot be ig-
nored. *e dissipation of the excess pore water
pressure and the adjustment of the shield attitude are
all related to the control technology during the
construction period of shield tunneling.

4. Conclusion

(1) *e SS during the construction period and the
postconstruction period induced by the shield tun-
neling construction mainly includes nine influencing
factors: ① inadequate shield support pressure, ②
insufficient grouting filling in the shield tail, ③ in-
sufficient grouting pressure, ④ overexcavation by
shield yawing, ⑤ improper shield attitude, ⑥ the
recompression of the soil in the loosing circle around
the tunnel, ⑦ the dissipation of excess pore water
pressure induced by the shield tunneling advancing,
⑧ the surrounding soil consolidation due to the
failure of waterproofing techniques used behind the
lining and the decline in the underground water
level, and⑨ the foundation settlement caused by the
train vibration loading.

(2) *e average sensitivity index of the above nine
influencing factors can be ordered from highest to
lowest: Mη � 98.97 (the ratio of the loosened circle
radius η),Mθ � 11.20 (decline in the ratio of the water
level θ), Mω � 4.00 (grouting filling rate ω),
MRd � 2.14 (dynamic stress ratio Rd), Mλ � 1.30
(grouting pressure ratio λ),Mβ � 1.15 (shield support
pressure ratio β), Mψ � 1.00 (excess pore pressure
ratio ψ), Mκ � 0.99 (overexcavation rate κ), and
Mξ � 0.99 (slope of the shield machine deviating
from the central axis ξ). It indicates that the largest
influencing factor on surface settlement is the ratio of
the loosened circle radius, and the smallest one is the
slope of the shield tunneling machine deviating from
the central axis.

(3) In summary, the disturbance degree of the sur-
rounding soil during the shield tunnel advancing has
the most significant influence on the MSS. *e de-
cline of the underground water level has the second
largest influence on the SS.*e grouting fill effect has
the third greatest influence on the SS. *e grouting
pressure at the shield tail and the shield support
pressure at the shield head have the fifth and sixth
largest influences on the SS. When the tunnel
foundation and the track are not reinforced, the SS
caused by the train vibration loading cannot be ig-
nored. *e dissipation of the excess pore water
pressure, overexcavation rate, and shield machine
deviating from the central axis have the seventh,
eighth, and ninth influence on the SS.

(4) When the shield tunnels pass through the saturated
loess stratum, the disturbance degree on the sur-
rounding soil during shield advancing should be well
controlled. *e pre-reinforcement measures for the
saturated soil within 3∼5m around the tunnel should

be taken, and the appropriate antiseepage and vi-
bration reduction measures should be taken for the
lining segments and the track, respectively.
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,e local reconstruction of river channels may pose obstacles of flood flow, local eddy currents, or high flow velocity which
pose potential threats to human life and infrastructures nearby. In the design of such projects, the effects of local re-
construction of the river channel on flooding are often evaluated by the one-dimensional method, which is based on the
formula of one-dimensional nonuniform flow. In this study, a two-dimensional hydrodynamic model based on shallow
water equations is employed to investigate the impacts of river reconstruction on flooding in the Ba River, China. ,e finite
volume method and an unstructured triangular mesh are used to solve the governing equations numerically. ,e numerical
model is validated by comparison with the results of a physical model of 1 : 120 scale. ,e backwater effects and impacts of
flood flow fields under two flood frequencies are analyzed by comparing the numerical results before and after local
reconstruction. ,e results show that the backwater length under both 10-year and 100-year floods can be reached up to the
upstream boundary of the computational domain. However, the maximum water level rises are limited, and the levees in this
river channel are safe enough. ,e flow velocity fields under both floods are changed obviously after local reconstruction in
the Ba River. Areas with the potential for scour and deposition of the river bed are also pointed out. ,e findings of this study
are helpful for the evaluation of flood risks of the river.

1. Introduction

River flooding, which is commonly caused by sudden and
intense rainfalls or storms in the river’s watershed, can cause
loss of human lives and serious damage to infrastructures
and properties along the river. Furthermore, with the climate
change (such as global warming) in recent years, it has been
found that extreme rainfalls occur more intensely and
therefore result in more serious floods [1, 2]. For river
channels through urban areas, hydraulic structures such as
weirs and artificial islands are often designed to raise the
water level upstream where wetlands or parks are built to
improve the scenery nearby. For the design of such hydraulic
structures, flooding is treated as one of the most important
factors. In addition, the presence of such structures will
affect the flooding of the river channel. ,erefore, proper
evaluation of the impact of river reconstruction on river

floods is of great help for the design of river projects and
flood risk management of the river channel.

Traditionally, during the design of hydraulic structures,
the effects on river flooding are mostly evaluated by the one-
dimensional (1D) method which is based on the law of
conservation of energy [3, 4]. In this method, the main
emphasis is placed on backwater effects. Besides this, the
unsteady 1D method based on shallow water equations or
Saint-Venant equations is applied widely to evaluate the
flood risks of river channels. Forster et al. [5] investigated the
flooding and emptying process of a proposed storage area on
the Middle Elbe River, where a 1D hydrodynamic model was
used for a 20 km reach of the Elbe River and the storage area
was modeled by two storage cells each representing one
polder basin. Tomasz et al. [6] studied the impact of a bridge
on flooding of the Warta River near Wronki in Poland using
the 1D HEC-RAS package. Petaccia and Natale [7]
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developed a 1D numerical model (ORSADEM) and applied
it to analyze flood inundation of the Brembo River. Gen-
erally, because of their lower computational cost, 1D nu-
merical models have been widely used for the evaluation of
river floods. However, for the complex topography of local
river channels, such as the curvature and bifurcation, the
flow fields are complex and vary in two horizontal coor-
dinates, so the 1D model cannot reproduce the details of the
flow fields. Consequently, coupled 1D and 2D models or 2D
models were developed and employed to predict flood in-
undation [8–11].

With the development of the LIDAR technique
[12, 13], message passing interface (MPI), and graphic
processing unit (GPU) techniques [14–16] in recent years,
digital elevation model (DEM) data can be obtained ef-
ficiently, and the computational efficiency of 2D models
has been improved greatly, promoting the development
and application of 2D hydrodynamic models. 1D and 2D
unsteady and nonuniform flow modeling of the flood
wave routed down river valleys has been presented, in-
cluding modeling of a channel bifurcation at the con-
fluence and backwater effects [8]. A coupled 1D and 2D
hydrodynamic model for flood risk management in urban
areas was developed to overcome the drawbacks of each
individual modeling approach, and an additional module
was used to simulate the rainfall-runoff process in study
areas [9]. Using MIKE 21 FM, Wang et al. [10] investi-
gated the effects of bridge piers on river floods in the
Jialing River, China. Ahn et al. [17] carried out a nu-
merical simulation to predict the urban inundation area
due to extreme rainfall using the Mike21 model. Full-scale
fluvial flood modeling over large catchments was carried
out using coupled hydrological and hydraulic/hydrody-
namic models [11]. By using a multiple modern GPU
acceleration technique, more than 2.5 times faster than
real time was achieved although it involved 100 million
computational cells inside the computational domain. In
general, the 2D numerical models are expected to predict
the flood flow fields more accurately, which is of great help
for the design of hydraulic projects and the management
of flood risks.

In this study, the effects of local river reconstruction in
the Ba River on flooding are studied by employing a 2D
hydrodynamic model. ,e backwater effects due to the
reconstruction of the river channel are analyzed. ,e
velocity fields before and after local reconstruction are
also compared and analyzed. ,e remainder of this study
is structured as follows. ,e study areas and details of the
numerical model and validation are presented in Section
2, where the results of a physical model of 1 : 120 scale are
used to validate the accuracy of the numerical model
developed. In Section 3, backwater effects and flow fields
before and after local reconstruction are investigated for

two different flood frequencies. According to the flow field
results, local scour or deposition of the river channel after
reconstruction is also analyzed. Finally, the main con-
clusions are drawn in Section 4.

2. Materials and Methods

2.1. Study Area. ,e Ba River, which is one of the main
tributaries of the Wei River, originates from the north of
the Qinling Mountains, with a total length of 104 km and a
total watershed area of 2581 km2. ,e upper reach of the
Ba River is in the Qinling Mountains, where the terrain is
high in the south and low in the north. ,e average bed
slope in the upper reach is about 9%, and floods rise and
fall rapidly with a small amount of sediment. ,e middle
and lower reaches of the Ba River have bed slopes of 2.35%
and 1.58%, respectively. According to statistics from the
Maduwang hydrological station, the maximum flood peak
discharge of the Ba River is 2160m3/s (August 12, 1953),
the multiyear average discharge is 16.8m3/s, and the
annual total runoff is 529 million m3. ,e runoff from July
to August is 42.7% that of the whole year, while from
December to February of the following year, the runoff is
only 6.7% that of the whole year. ,e annual average
sediment concentration is 5.4 kg/m3, and the annual av-
erage sediment load is 2.86 million tons.

,e project area is located in the lower reach of the Ba
River, which flows through Xi’an city, then into the Wei
River, and finally into the Yellow River, as can be seen in
Figure 1. ,e lower reach of the Ba River has a total length
of 8.17 km. ,ree weirs have been built in this reach; these
are the 0# weir, 1# weir, and Guangyuntan weir from
downstream to upstream. ,e levees in this reach are
designed for 100-year floods with a peak discharge of
3300m3/s. With the purpose of building an artificial lake
for the 2021 National Games of China, in this project, the
reach between Guangyuntan weir and 1# weir, which is
about 2.5 km long, is reconstructed by widening the cross
section locally and building two artificial islands. With
this reconstruction, the water level upstream of the 1# weir
will be increased to meet the landscape requirement in
this area. However, after local reconstruction, the flood
risks in this reach will be changed and must be evaluated
carefully. Scientific suggestions or guides must be pro-
vided for a better design of this project, which is the
purpose of this study.

2.2. Model Description. In this study, a well-documented
software MIKE 21 FM, which was developed by the Danish
Hydraulic Institute (DHI), was used. ,e governing equa-
tions (in the Cartesian coordinate system) of the model are
the two-dimensional shallow water equations, given by
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where t is the time; x and y are the horizontal coordinates; h
is the total water depth; ζ is the free surface elevation; and u

and v are the depth-averaged velocities in the x and y di-
rections, respectively. g denotes gravitational acceleration; C
is the Chezy resistance, which is calculated by the Manning
formula. ρ is the water density; and τxx, τxy, and τyy are
components of effective shear stress.

,e finite volume method was employed to solve the
above equations numerically, and a triangular mesh was
used. Specifically, the second-order Runge-Kutta method
was applied for the time integration. An approximate Rie-
mann solver (Roe’s scheme) was used to calculate the fluxes
at cell boundaries. A linear gradient reconstruction tech-
nique was employed to achieve second-order spatial accu-
racy. To avoid numerical oscillations, a second-order TVD
slope limiter (Van Leer limiter) was used. More details about
the numerical method can be found in the MIKE 21 FM
manual [18].

To ensure stability during simulation, the time step was
adjusted according to the CFL (Courant-Friedrichs-Lewy)
number, which is defined as

CFLHD � 
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gh
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gh



+|v|
Δt
Δy

, (2)

where Δx and Δy are the mesh sizes in the x and y di-
rections, which are approximately the minimum side length
of the triangular meshes, and Δt is the time step.

2.3. Numerical Model Setup. ,e topographies before and
after reconstruction of the river channel are presented in
Figure 2; these were provided by the Xi’an Water Conser-
vancy Planning Survey and Design Institute, China. For
irregular land boundaries, a high-quality unstructured mesh
is of great importance to ensuring an accurate numerical
simulation. ,e computational meshes in this study were
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Figure 1: Location of the project area: (a) project river channel; (b) watershed of the Ba River.
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generated using the Mesh Generator provided by MIKE
software. To ensure the quality of the generated mesh, three
parameters, the maximum element area, the smallest al-
lowable angle, and the maximum number of nodes, were
provided by Mesh Generator. In this study, we chose the
maximum element area as 150m2, the smallest allowable
angle as 29 degrees, and the maximum number of nodes as
100,000. For the computational domain before recon-
struction, there were a total of 17132 elements, while a total
of 18411 elements were generated in the mesh of the
computational domain after reconstruction. ,e two sets of
meshes before and after local reconstruction were used to
investigate the impacts of local reconstruction of the river
channel on flooding. Note that the artificial islands, which
may be submerged during floods, were identified auto-
matically by the wet and dry boundary method during the
simulation.

,e Manning coefficient n, which represents the overall
resistance of the channel bed, is one of the key parameters
for flood simulation. In this study, a constant Manning
coefficient (n� 0.03m−1/3s) was used, which was calibrated
by results of a physical model, as detailed in the following
section.

Boundary conditions at the upstream and downstream
cross sections are also important and have to be specified
carefully. In this study, steady-state conditions were taken
into account to provide guides for engineering design.
Hence, maximum flood discharges were used at the up-
stream boundary, and constant water levels were used at the
downstream boundary. Two scenarios with 10-year and 100-
year floods are analyzed in this study. From hydrological
analysis, the peak discharges of 10-year and 100-year floods
in this river are 1700m3/s and 3300m3/s, respectively. Water

levels at the downstream boundary are affected by several
factors such as the topography of the downstream channel
and the water level of the Wei River downstream. After
careful analysis, the corresponding water levels at down-
stream boundary are determined to be 369.48m and
370.55m for the 10-year and 100-year floods, respectively.
Due to the steady-state condition, the initial water levels can
be set arbitrarily, and in this study, constant water level the
same as the water level at the downstream boundary was
used and the initial velocities were set to zeros.

Time step was self-adaptive according to the CFL con-
dition. During computation, the depth at each element was
monitored, and the elements were classified as dry, partially
dry, or wet. ,en, wet and dry interfaces were monitored to
identify flooded boundaries.

2.4. Model Validation. Validation of the numerical model
was undertaken by comparing it with the results of a 1 :120
scale physical model of the reconstructed river channel. ,e
physical model was constructed in a laboratory field of Xi’an
University of Technology, China.,e domain of the physical
model was the same as that of the numerical model, ranging
from Guangyuntan weir upstream to 1# weir downstream
with a length of about 2.6 km, as shown in Figure 3. ,e
physical model was designed according to the gravity
similarity criterion. ,e flood water levels and velocity
magnitudes at the locations of 13 cross sections with equal
spatial intervals were measured, as shown in Figure 3.

,e longitudinal profiles of the sectional average water
levels for 10-year and 100-year floods are presented in
Figure 4. For 10-year floods, it can be seen that the numerical
water level agrees better with experimental data in the
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Figure 2: Topographies of the river channel. (a) Before reconstruction. (b) After reconstruction.
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downstream channel (distance to upstream boundary
1500m to 2600m) than in the upper channel (distance to
upstream boundary 0m to 1500m), where backwater effects
are expected due to the reconstruction of the river channel.
,e maximum error of the water level was 0.2m. For 100-

year floods, the numerical water level profile fits better with
the experimental data for the entire channel, with a maxi-
mum error of 0.08m. In general, the numerical model can
well predict the flood water level.

For the flood velocity field, it is noted that the depth-
averaged velocities were obtained by the numerical model,
while in the physical model, they were approximated by
averaging the velocities at two vertical levels of each
measurement point. Specifically, due to the small scale used
in this study, the maximum water depth in the physical
model was about 0.06m, which corresponds to 7.2m in the
full-scale model. ,erefore, at each specific location, two
velocities, one at the free surface and another near the
bottom, were measured and used to approximate the
depth-averaged velocity. ,e numerical and experimental
results of velocity magnitudes at 42 points for a 100-year
flood are presented in Figure 5. ,e dashed line
y � 0.9678x + 0.03086 denotes a linear fit of the data, which
is very close to y � x, representing a perfect fit of two
datasets. ,e coefficient of determination R2, which rep-
resents the degree of linear-correlation of variables and
ranges between 0 and 1, was found to be 0.8349 (the higher
the value, the better the fit). Further, the relative errors were
calculated and the results show that there were 26 points
with relative errors less than 10%. ,e maximum error was
18.7% at the left point of section S8; this is probably due to
the complex topography near this area. For the 10-year
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flood, the velocity in the physical model was too small to be
measured accurately by pitot tube and will not be used here.
Overall, the numerical model developed here was dem-
onstrated to be accurate and appropriate for use in the
following analysis.

3. Results and Discussion

,e developed numerical model was applied to simulate the
flood field before and after river reconstruction for two
typical flood frequencies, 10-year and 100-year floods. An
analysis of the effects of river reconstruction on the flood
flow field was carried out by comparing the results before
and after river reconstruction. ,e effects on both flood
water elevations and flow velocity fields are analyzed, and
some suggestions are then proposed to guide the project
design.

3.1. Backwater Effects. Backwater effects caused by an ob-
struction in rivers are a common phenomenon which in-
crease flood risk by raising the water level upstream.
Comparisons of water surface profiles along the river
channel before and after river reconstruction (i.e., at the 13
cross sections) are presented in Figure 6. From the figure, it
can be observed that water surface elevations in the upper
channel (S1 to S8) rose obviously after local reconstruction,
while in the downstream channel (S9 to S13), the flood water
surface elevations remained almost unchanged before and
after reconstruction under both flood frequencies. ,e
backwater effects were obvious and were mainly due to the
construction of the artificial islands (S5 to S10) which
blocked flood flow by reducing the river cross sections lo-
cally. For the backwater length, it was found that under both
flood frequencies the effects of river reconstruction reached
up to the upstream boundary (Guangyuntan weir) of the
computational domain.

Quantitatively, the maximum water level rises were
0.23m at section S5 for a 100-year flood and 0.17m at
section S5 for a 10-year flood. ,e flood water surface slopes
were also calculated as 0.036% and 0.041% before and after
reconstruction, respectively, for a 100-year flood and 0.03%
and 0.032% before and after reconstruction, respectively, for
a 10-year flood.

In addition, the levees on both sides of the river were
built for 100-year floods. We compared the elevations of the
tops of the levees with the computed flood water surface
elevations at the 13 sections. ,e results show that the
minimum difference is 5.82m at section S13 and the
maximum difference is 10.11m at section S1. ,is dem-
onstrates that the levees for this river channel are safe
enough. In general, the effects of local reconstruction on
flood water elevation were found to be limited.

It is noted that, for the design of such a project, back-
water effects are often evaluated via one-dimensional
analysis, in which only cross sections are used. For complex
channel sections, the local friction factor has to be deter-
mined empirically in the one-dimensional analysis. Besides
this, only the cross-sectional average velocities are provided,
while it is obvious that the flow field near an artificial island
is two dimensional, as reported in the following subsection.
,erefore, a two-dimensional method is more appropriate
for this type of project.

3.2. Effects onFlowVelocity Fields. ,e analysis of changes in
the velocity field due to local reconstruction of the river
channel is also important in engineering. Local high flood
velocity can cause erosion of the river bed and threaten the
safety of structures, while at locations with lower flood
velocity, the deposition of sediments will occur, which can
have an adverse impact on structures locally.

Figures 7 and 8 present comparisons of the velocity of
flood flow before and after river reconstruction for 10-year
and 100-year floods. It can be observed that the flow field
through the reconstructed part (S5 to S10) shows obvious
changes for both flood frequency conditions. After river
reconstruction, the flow between sections S5 and S10 is
divided into two parts due to the presence of the artificial
islands. For the 10-year flood, the maximum velocity
magnitudes between S5 and S10 are about 1.0∼1.5m/s and
1.5∼2.0m/s before and after local reconstruction, respec-
tively. It can also be seen that the maximum velocity is
located at the right-hand part of the cross section near S5 and
the left-hand part of the cross-section upstream of S10,
where the areas of the cross sections are smaller. Lower
velocity was found between the two artificial islands and
downstream of section S10, which implies that sediment
deposition near these areas must be taken into account and
special attention must be paid. For the 100-year flood, the
maximum velocity magnitudes between S5 and S10 are
about 1.5∼2.0m/s and 2.5∼3.0m/s before and after local
reconstruction, respectively. ,e location of maximum ve-
locity is the same as that for the 10-year flood. Also, lower
velocity can be seen between the two artificial islands and
downstream of section S10, the same as for the 10-year flood.

Figures 9 and 10 present comparisons of the streamlines
of flood flow for the 10-year and 100-year floods. It can be
seen more clearly that the flood flows are almost uniform
before reconstruction under both flood conditions, while
after local reconstruction, the streamlines between sections
S5 and S10 are obviously changed, which means that the
velocity field becomes complex. In addition, the transverse
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velocity between S5 and S10 was found, and from quanti-
tative analysis, the maximum transverse velocity is ap-
proximately 0.5m/s.

From the flood velocity field above, scour and deposition
of the river channel could be qualitatively analyzed. In the
design of river engineering, the allowable velocities of the river
channel are used empirically to determine the possibility of
scour and deposition on the river bed. For coarse sand (di-
ameter greater than 2mm), the allowable velocity is about
0.5∼2.74m/s, which means that deposition of sand will occur
when the velocity is less than 0.5m/s, while scour will occur

with a velocity greater than 2.74m/s. For fine sediment
(diameter smaller than 2mm), the allowable velocity is about
0.5∼1.96m/s. From the flow velocity magnitude (Figures 7
and 8), sediment deposition will probably occur between the
two artificial islands and downstream of section S10 for both
10-year and 100-year floods. ,e maximum velocity between
S5 and S10 for a 10-year flood is about 1.5∼2.0m/s, so the
scour of sediment in this condition is limited. However, for
the 100-year flood, themaximum velocity between S5 and S10
is 2.5∼3.0m/s, which implies sediment scour in this channel,
so special measures must be considered.
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4. Conclusions

In order to evaluate the effects of local reconstruction on
the flooding of the Ba River in China, a two-dimensional
hydrodynamic model was developed, in which the TVD
finite volume method was used to solve the 2D shallow
water equations. An unstructured triangular mesh was used
to treat the natural boundaries more accurately. Numerical
models of the river before and after river reconstruction
were developed and the model after river reconstruction
was validated by comparing it with results obtained from a
1 :120 scale physical model. Finally, the effects of local
reconstruction on the flooding of Ba River under 10-year
and 100-year flood conditions were analyzed by comparing
the results before and after local reconstruction. Backwater
effects and the flow velocity field were analyzed in depth.
,e main conclusions are as follows.

By comparing the results of the numerical model with
those of the physical model, both the free surface elevation
and velocity field were found to be well predicted by the 2D
model developed herein. Due to the small scale of the
physical model, the water depth and velocity in the physical
model were small and the magnitude of velocity for some of
the domains could not be measured accurately. Hence, a 2D
numerical model can be a better method for this type of
problem.

Backwater effects due to the local reconstruction were
obvious for both 10-year and 100-year floods.,e backwater
length under both flood frequencies reached up to the
upstream boundary (Guangyuntan weir) of the computa-
tional domain. ,e maximum water level rises were 0.23m
at section S5 for a 100-year flood and 0.17m at section S5 for
a 10-year flood. In addition, the levees for this river channel

are safe enough. In general, the effects of local reconstruction
on flood water elevation in this river channel were limited.

Comparisons of the velocity of flood flow before and
after river reconstruction for the 10-year and 100-year floods
showed that the flow field through the reconstructed part (S5
to S10) changed obviously for both flood frequency con-
ditions. For both floods, the maximum velocity between S5
and S10 increased after local reconstruction. Further, after
local reconstruction, the streamlines between sections S5
and S10 were changed obviously which means that the flood
velocity field became complex, and themaximummagnitude
of transverse velocity between S5 and S10 was found to be
approximately 0.5m/s. ,e areas of higher and lower ve-
locities for both floods indicated the possibility of local scour
or deposition of sediment. Some measures to address this
possibility should be considered near these areas.

Data Availability

All the data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Acknowledgments

,is research was funded by the National Natural Science
Foundation of China (Grant no. 51909211); Natural Science
Basic Research Plan in Shaanxi Province of China (Grant no.
2019JQ-744); and Natural Science Foundation of Education
Department of Shaanxi Province, China (Grant no. 19JK0591).

y 
(m

)

x (m)
17500 18000 18500 19000

20500

21000

21500

22000

22500

23000

S10

S5

(a)

x (m)
17500 18000 18500 19000

y 
(m

)

20500

21000

21500

22000

22500

23000

S10

S5

(b)

Figure 10: Comparisons of streamlines before and after river reconstruction for a 100-year flood. (a) Before reconstruction. (b) After
reconstruction.

Advances in Materials Science and Engineering 9



References

[1] M. Beniston, “Trends in joint quantiles of temperature and
precipitation in Europe since 1901 and projected for 2100,”
Geophysical Research Letters, vol. 36, no. 7, 2009.

[2] K. Davor, A. F. Roger, and B. Michaela, “Flood hazard as-
sessment for extreme flood events,” Natural Hazards, vol. 84,
pp. 1569–1599, 2016.

[3] S. Atabay, K. Haji Amou Assar, M. Hashemi, and M. Dib,
“Prediction of the backwater level due to bridge constriction
in waterways,”Water and Environment Journal, vol. 32, no. 1,
pp. 94–103, 2018.

[4] K. J. Kaatz and W. P. James, “Analysis of alternatives for
computing backwater at bridges,” Journal of Hydraulic En-
gineering, vol. 123, no. 9, pp. 784–792, 1997.

[5] S. Förster, C. Chatterjee, and A. Bronstert, “Hydrodynamic
simulation of the operational management of a proposed
flood emergency storage area at the Middle Elbe River,” River
Research and Applications, vol. 24, no. 7, pp. 900–913, 2008.

[6] D. Tomasz, W. Joanna, and S. Mariusz, “Assessment of the
impact of new investments on flood hazard-study case: the bridge
on the Warta River near Wronki,”Water, vol. 7, pp. 5752–5767,
2015.

[7] G. Petaccia and E. Natale, “ORSADEM: a one dimensional
water code for flood inundation modelling,” Irrigation and
Drainage, vol. 62, pp. 29–40, 2013.

[8] P. Carling, I. Villanueva, J. Herget, N. Wright, P. Borodavko, and
H. Morvan, “Unsteady 1D and 2D hydraulic models with ice
dam break for Quaternarymegaflood, AltaiMountains, southern
Siberia,”Global and Planetary Change, vol. 70, no. 1-4, pp. 24–34,
2010.

[9] Y. Fan, T. Ao, H. Yu, G. Huang, and X. Li, “A coupled 1D-2D
hydrodynamic model for urban flood inundation,” Advances
in Meteorology, vol. 2017, Article ID 2819308, 12 pages, 2017.

[10] W. Wang, K. Zhou, H. Jing, J. Zuo, P. Li, and Z. Li, “Effects of
bridge piers on flood hazards: a case study on the Jialing River
in China,” Water, vol. 11, no. 6, p. 1181, 2019.

[11] X. Xia, Q. Liang, and X. Ming, “A full-scale fluvial flood
modelling framework based on a high-performance inte-
grated hydrodynamic modelling system (HiPIMS),” Advances
in Water Resources, vol. 132, Article ID 103392, 2019.

[12] L. Li, M. A. Nearing, M. H. Nichols, V. O. Polyakov,
D. Phillip Guertin, and M. L. Cavanaugh, “,e effects of
DEM interpolation on quantifying soil surface roughness
using terrestrial LiDAR,” Soil and Tillage Research, vol. 198,
Article ID 104520, 2020.

[13] M. Yilmaz and M. Uysal, “Comparison of data reduction
algorithms for LiDAR-derived digital terrain model gener-
alisation,” Area, vol. 48, no. 4, pp. 521–532, 2016.

[14] R. Wittmann, H.-J. Bungartz, and P. Neumann, “High per-
formance shallow water kernels for parallel overland flow
simulations based on FullSWOF2D,” Computers & Mathe-
matics with Applications, vol. 74, no. 1, pp. 110–125, 2017.
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To explore the influence of concrete thermal parameters on the hydration heat temperature and thermal stress of mass concrete,
four feature positions of a dam foundation were chosen to analyze the changing process of temperature and stress by varying the
thermal parameters, including the thermal conductivity, specific heat, surface heat diffusion coefficient, temperature rise co-
efficient, solar absorption coefficient, and thermal expansion coefficient. Some conclusions were obtained as follows. Increasing
the thermal conductivity and reducing the specific heat and temperature rise coefficient of concrete can effectively reduce the
maximum temperature of the central concrete structure. Increasing the solar absorption coefficient, specific heat, and thermal
expansion coefficient and reducing the thermal conductivity, surface heat diffusion coefficient, and temperature rise coefficient of
concrete can reduce the maximum principal tensile stress in the structure to a certain extent.,emaximum principal tensile stress
at different positions of the structure has a linear functional relationship with the thermal conductivity, specific heat, and thermal
expansion coefficient and has a quadratic function relationship with the surface heat diffusion coefficient, temperature rise
coefficient, and solar absorption coefficient. Besides, this study also proposed a series of related anticracking measures. ,is study
was expected to provide a theoretical reference for the design, construction, and cracking disease prevention of mass
concrete structures.

1. Introduction

,e large hydration heat can be produced in a short time
during the casting of mass concrete structure, which leads to
the rapid rise of the internal temperature of the mass
concrete structure. Especially, the mass concrete structure is
also affected by the external environment and the thermal
parameters, which is easy to form a large thermal gradient
and thermal stress between the core and the surface. As a
result, cracks will occur when the thermal stress is larger
than the tensile strength of the concrete. ,erefore, tem-
perature control is particularly important to the mass
concrete [1]. To ensure the integrity and durability of mass
concrete structure, the hydration heat temperature, thermal
stress distribution, and influencing factors of mass concrete
structure in the cold region are analyzed, and taken ap-
propriate temperature control measures are the keys to

construction organization design and comprehensive
treatment of mass concrete structure diseases.

At present, some researchers have carried out lots of
studies to analyze the temperature field, thermal stress, and
influencing factors of mass concrete by using the finite el-
ement method and monitoring method. Some studies [2–9]
found that the results of numerical calculation can accurately
predict the distribution of temperature and stress of the
structure by comparing with the fieldmonitoring data, and it
is feasible to put forward effective temperature control
measures for the mass concrete structure according to the
finite element simulation results by considering various
influencing factors comprehensively at the design stage. So
far, the influencing factors such as construction measures,
amount and type of concrete material, and pipe cooling
parameters have been studied. Reducing concrete casting
temperature [10–14], changing casting date [15, 16], layered
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casting [17–19], and curing concrete [20, 21] can effectively
reduce the maximum temperature of the structure. At the
same time, changing insulation thickness [22] and types of
insulation materials [23] has significant effects on the
temperature difference and maximum tensile stress of the
structure. ,e amount and type of concrete raw materials
have a significant influence on the internal heat transfer and
mechanical properties of concrete. High cement content
[24–26] will make the temperature of the structure exceed
the specified limit. Low temperature cement [27–29] can
reduce the structure temperature and improve the crack
resistance of the concrete structure. Additives [30–34] can
also effectively reduce the temperature rise of cement hy-
dration heat. ,e arrangement of cold water pipes is a very
effective method to reduce the heat of hydration [35].
Controlling the inlet and outlet temperature of cooling water
pipes, the spacing of cooling pipes, and adjusting the con-
vection coefficient [36] between cooling water and concrete
are effective measures to control the hydration heat of
concrete. Meanwhile, medium-term temperature control
and cooling [37] are also very important. Besides, Si et al.
[38] also put forward a new idea that the small temperature
difference cooling can effectively reduce the temperature
gradient and thermal stress. In conclusion, these findings
mainly focused on revealing the influence of construction
design, amount and type of concrete raw materials, pipe
cooling parameters on the hydration temperature, and
thermal stress distribution of mass concrete. However, the
thermal parameters are also closely related to the thermal-
mechanical characteristics of mass concrete structure, such
as the thermal conductivity is a factor that directly affects the
temperature gradient of the structure. ,erefore, it is ex-
tremely important to study the influence of concrete thermal
parameters on temperature and thermal stress distribution
of mass concrete structure for crack control and disease
treatment, especially for the mass concrete structure located
in the cold region where the temperature changes greatly.

,is study relied on Xiwugaigou Roller Compacted
Concrete Dam Project in Inner Mongolia, China. A three-
dimensional finite element model considering hydration
heat release, thermal parameters changing, and actual
temperature boundary was built to analyze the maximum
temperature, the temperature difference between the core
and surface, and maximum principal tensile stress of the
mass concrete aiming to study the influence of different
values of thermal conductivity, specific heat, surface heat
diffusion coefficient, temperature rise coefficient, solar ab-
sorption coefficient, and thermal expansion coefficient on
the distribution of temperature and thermal stress at the
core, surface, 50mm from the surface, and foot of the
concrete foundation. Furthermore, the functional relation-
ship between different thermal parameters and the maxi-
mum principal tensile stress at different positions of the
structure is determined. Finally, the study also puts forward
a series of relevant crack prevention measures. ,e results
will provide a theoretical basis for temperature control and
crack prevention of mass concrete structures from the
perspective of controlling the thermal properties of concrete
materials.

2. Basic Theory

2.1.Heat ConductionEquation. For isotropic solids, the heat
conduction equation considering concrete hydration heat is
expressed as follows:

zT

zτ
−

λ
cρ
∇2T �

zθ(τ)

zτ
, (1)

whereT is the temperature of the concrete, τ is the time, λ is the
thermal conductivity, c is the specific heat, ρ is the density of
concrete, and θ(τ) is the adiabatic temperature rise induced by
hydration heat, which is calculated as follows:

θ(τ) � θ0 1 − e
− mτ

( , (2)

where θ0 is the adiabatic temperature rise terminal value,
and m is the temperature rise coefficient.

2.2. Implicit Expression of Unsteady Temperature Field.
Equation (1) becomes a matrix differential equation about
the time after spatial discretization by the finite element
method. ,e matrix differential equation is given as follows:

[K] T{ } +[C]
zT

zτ
  + R{ } � 0, (3)

where [K] is the heat conduction matrix, [C] is the heat
capacity matrix, and R{ } is the thermal load vector. Assume
τ � τi corresponds to T � Ti and τ � τi+1 corresponds to
T � Ti+1; then,

[K] Ti  +[C]
zT

zτ
 

i

+ Ri  � 0,

[K] Ti+1  +[C]
zT

zτ
 

i+1
+ Ri+1  � 0,

(4)

ΔTi can be defined as

ΔTi � Ti+1 − Ti � Δτi b
zT

zτ
 

i+1
+(1 − b)

zT

zτ
 

i

 . (5)

,erefore,

zT

zτ
 

i+1
�

1
bΔτi

Ti+1  − Ti   −
1 − b

b

zT

zτ
 

i

. (6)

Substituting equation (5) in equation (4) obtains

[K] Ti+1  +[C]
1

bΔτi
Ti+1  − Ti   −

1 − b

b

zT

zτ
 

i

 

+ Ri+1  � 0.

(7)

So equation (4) becomes

[K] +
1

bΔτi
[C]  Ti+1  � −

1 − b

b
 [K] −

1
bΔτi

[C]  Ti 

−
1 − b

b
Ri  − Ri+1 .

(8)
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,e temperature of each node at any time can be ob-
tained by solving the equations. ,e parameter b is usually
taken as 1 in the calculation, which is the backward dif-
ferential method.

2.3. Finite Element Method for Elastic Creep0ermal Stress of
Concrete. Assume that concrete is an elasticity-creep solid.
,e thermal stress of concrete is calculated by the finite element
method without considering the drying shrinkage of concrete
[39]. In a three-dimensional space, the strain increment gen-
erated in Δτn � τn − τn−1 can be expressed as follows:

Δεn  � ε τn(   − ε τn−1(   � Δεe
n  + Δεc

n  + ΔεT
n , (9)

where Δεn  is the strain increment, Δεe
n  is the elastic strain

increment induced by the external force, Δεc
n  is the creep

strain increment, and ΔεT
n  is the temperature strain in-

crement.,e elastic strain increment is calculated as follows:

Δεe
n  �

1
E τn( 

[Q] Δσn , (10)

where τn is the median age of the concrete, equals to
((τn + τn−1)/2), E(τn) is the modulus of elasticity of the
concrete at median age, [Q] is a coefficient matrix, and Δσn 

is the stress increment. ,e creep strain increment is cal-
culated as follows:

Δεc
n  � ηn  + C t, τn( [Q] Δσn , (11)

where ηn  is a matrix related to the creep coefficient, and
C(tn, τn) is the specific creep of the concrete at median age.

,en, the relationship between stress increment and
strain increment is given as follows:

Δσn  � Dn  Δεn  − ηn  − ΔεT
n  , (12)

where [Dn] is the stress-strainmatrix corresponding toE(τn).
,e unit node force increment can be expressed as follows:

ΔF{ }
e

� C[B]
T Δσn dxdydz, (13)

where ΔF{ }e is the element nodal force increment, and [B]T

is the transformation matrix of the deformation matrix [B].
,e above formula can be written as follows:

ΔF{ }
e

� [k]
e Δσn 

e
− C[B]

T
Dn  ηn  + ΔεT

n  dxdydz,

(14)

where [k]e is the element stiffness matrix. Define

[k]
e

� C[B]
T

Dn [B]dxdydz, ΔPn 
c

e

� C[B]
T

Dn  ηn dxdydz, ΔPn 
T

e

� C[B]
T

Dn  ΔεT
n dxdydz,

(15)

where ΔPn 
c

e is the element node load increment by creep,

and ΔPn 
T

e is the element node load increment by

temperature. ,erefore, the global balance equation is given
as follows:

[K] Δσn  � ΔPn 
L

+ ΔPn 
C

+ ΔPn 
T
, (16)

where [K] is the global stiffness matrix, ΔPn 
L is the nodal

load increment by external loads, ΔPn 
C is the node load

increment by creep, and ΔPn 
T is the node load increment

by temperature.
Finally, the stresses of each unit are as follows:

σn  �  Δσn . (17)

3. Methods

,e Xiwugaigou Reservoir Project, located in Inner Mon-
golia which is the typical cold region, consists of gravity dam,
flood discharge, sand scouring tunnel, and diversion tunnel.
According to the difference of materials, it can be divided
into foundation section, water retaining section, overflow
dam section, flood discharge, sand scouring tunnel section,
diversion tunnel section, and joint parts.,emaximum dam
height is 43.4m, dam length is 224.0m, dam crest width is
5.0m, and the height of the foundation section located in the
strong restraining from the area of the dam is 1–3m. To
study the influence of concrete thermal parameters on hy-
dration heat temperature and thermal stress of mass con-
crete, a three-dimensional finite element model of the dam
foundation is established.

3.1. Finite Element Model. ,e highest foundation dam
section with the size of 30m (length)∗ 20m (width)∗ 3m
(height) is chosen as the study object, which is located on the
bedrock foundation, with the size of 40m (length)∗ 30m
(width)∗ 5m (height). As shown in Figure 1, four feature
research points are setup to analyze the changing process of
temperature and stress by varying the thermal parameters.
Point A is located in the core of the structure, where the
maximum temperature occurs. Point B is located 50mm
away from the surface near the boundary area, which is the
keypoint to calculate the temperature difference between the
core and surface. Point C is located at the surface through
which the surface temperature distribution of the structure
can be observed directly. And point D is on the foot of the
concrete structure which is one of the most prone stress
concentration points. ,e boundary of the concrete foun-
dation and bedrock is divided into 50mm grids, and others
are divided into 1.0m grids in the model. ,e finite element
model is shown in Figure 2.

3.2. Initial and Boundary Conditions. ,e initial placing
temperature of concrete is taken as the initial temperature of
concrete and foundation using the following calculation:

T(x, y, z, 0) � T0(x, y, z) � C(constant), (18)

where T0 is the initial casting temperature of the concrete
taken as 20°C in considering the actual project and con-
struction experience.
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In the calculation of the stress field, the boundary of the
bedrock bottom is set as the fixed displacement constraint, the
sides set as the normal displacement constraint, and the other
sides of the model are the free surfaces. In the calculation of
temperature field, the bottom and side of bedrock are set as the
adiabatic boundaries, and the contact surface between bedrock
and air and the surface between concrete and air are all set as the
third boundary conditions, as shown in the following equation:

−λ
zT

zn
� β T − Ta( , (19)

where β is the surface heat diffusion coefficient. Ta is the
environment temperature, which is obtained by the moni-
toring data of the study area, and can be expressed by the
following periodic function:

Ta � 4.5 + 17.95 sin
2π
365

t +
π
25

 , (20)

where t is the time (day), t� 0 corresponds to May 1st, t� 1
corresponds to May 2nd, and so on. To intuitively see the
temperature change of the project site, we present equation
(20) in Figure 3. ,e curve shows that the project site is
located in the cold region for negative temperature that
occurs in the winter. ,e red part of the curve is the
boundary temperature used in the modeling.

3.3. Parameters Data. ,e concrete is C20 normal concrete
with the density of 2360 kg/m3, the elastic modulus of
25.5GPa, and Poisson’s ratio of 0.167. ,e adiabatic

temperature rise of concrete is calculated by equation (2),
and the final value of temperature rise is 30°C. ,e pa-
rameters of bedrock are shown in Table 1.

,e main parameters influencing the thermal perfor-
mance of concrete are thermal conductivity, specific heat,
temperature rise coefficient, surface heat diffusion coeffi-
cient, solar absorption coefficient, and thermal expansion
coefficient [40, 41]. ,ese parameters are the basic data for
solving the thermal stress caused by the temperature change
inside the concrete structure, which mainly depends on the
concrete age, aggregate type, cement type, water-cement
ratio, unit weight, and temperature. ,erefore, thermal
parameters are explored as variables in this study.,e values
of each thermal parameter are shown in Table 2, which cover
the possible range in the construction [41, 42].

3.4. Temperature Control Requirements. When the thermal
stress exceeds the bearing limit of concrete, the structure will
be broken, resulting in thermal cracks. According to the
Chinese standard for construction of mass concrete [43], the
maximum temperature of the foundation should not exceed
70°C, the temperature difference between the core and
surface should not exceed 25°C, and the allowable principal
tensile stress of the concrete is 2.45MPa at the age of 28 days
of concrete.

4. Results and Discussion

Based on the concrete foundation model, the influence of
each thermal parameter on the maximum temperature, the
temperature difference between the core and surface, and
maximum principal tensile stress of mass concrete are an-
alyzed by using the control variate method.

4.1. Effect of 0ermal Conductivity. Figure 4 shows the re-
lationship of temperature over time with four different
thermal conductivities, which are 0.5W/(m·K), 1.5W/
(m·K), 2.5W/(m·K), and 3.5W/(m·K), respectively. As
shown in Figure 4, the temperature of point A at the
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Table 1: Basic parameters of bedrock.

Material Density Elastic modulus ,ermal conductivity Specific heat ,ermal expansion coefficient Poisson’s ratiokg/m3 GPa W/(m·K) kJ/(kg·°C) ∗ 10−6/°C
Bedrock 2800 35 2.91 0.72 8.5 0.167

Table 2: Values of various thermal parameters under different conditions.

Conditions

,ermal
conductivity

Specific
heat

Surface heat diffusion
coefficient

Temperature rise
coefficient

Solar absorption
coefficient

,ermal expansion
coefficient

λ c β m r α
W/(m·K) kJ/(kg·°C) kJ/(m2·h·°C) d−1 — ∗ 10−6/°C

1 0.5∼3.5 1 50 0.3 0 10
2 1 0.8∼1.2 50 0.3 0 10
3 1 1 18.46∼165.13 0.3 0 10
4 1 1 50 0.2∼0.4 0 10
5 1 1 50 0.3 0.4∼0.8 10
6 1 1 50 0.3 0 8∼12
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Figure 4: Temperature-time curves with different thermal conductivities. (a) Point A, (b) point B, (c) point C, and (d) point D.
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structure core with different thermal conductivities dem-
onstrates a tendency to rise rapidly and then decrease slowly.
,e maximum temperature of point A is 49.7°C, 48.2°C,
46.6°C, and 45.5°C correspondingly, all appeared at about
240 hours. ,e temperature of point B located at 50mm
inside the surface demonstrates a twice process of decrease
to increase. After 420 hours, the temperature of point B with
bigger thermal conductivity is lower than one with a smaller
one. ,e temperature of surface point C demonstrates a
similar change process with point B, but with smaller am-
plitude. However, the temperature of point C in different
thermal conductivity changes to the same value that almost
equals to the environment temperature. ,e temperature at
point D at the foot of the concrete structure is almost
keeping the same change process at different thermal
conductivities because it is mainly determined by the en-
vironment temperature. At the same time, the temperature
difference between the core and surface of the structure is
calculated as 33.1°C, 31.6°C, 29.7°C, and 28.0°C, respectively.
From the above analysis, it can be found that the hydration
heat has the strongest heating effect in the core region of the
structure. ,e heat is mainly released close to the concrete
surface. However, increasing the thermal conductivity of
concrete has a positive effect on the thermal stability of the
construction for reducing the maximum temperature in the
core region of the structure and also decreasing the tem-
perature difference between the core and surface of the
concrete foundation.

Figure 5 shows the calculated and fitted maximum
principal tensile stress at each point with a different thermal
conductivity. ,e principal tensile stress is induced by the
action of temperature and self-weight. Due to symmetry, the
maximum principal tensile stress of point A is close to zero.
Due to the stress relief, the maximum principal tensile
stresses at points B and C is all less than allowable principal
tensile stress, while the maximum principal tensile stress
occurs at point D. Point D is located at the junction of the
bedrock, and the structure and the displacement is re-
strained at the same time; as a result, stress concentration is
easy to occur, but it cannot be eliminated in construction.
,erefore, more attention should be paid to the maximum
principal tensile stress in this region. Moreover, as shown in
Figure 4, the maximum principal tensile stress at points A, B,
and C decreases, while point D increases with the increase of
thermal conductivity. Fitting the maximum principal tensile
stress of four points with the thermal conductivity shows a
linear relationship with the maximum principal tensile stress
of the structure and positive correlation in points A, B, and C
while negative correlation in point D. Obviously, the tensile
stress of concrete interior can be reduced through increasing
the thermal conductivity of concrete, and the situation is just
opposite in the junction of the bedrock and the structure.
Anyway, the maximum principal tensile stress inside the
construction does not exceed the tensile strength of concrete
with every thermal conductivity. On the contrary, the
maximum principal tensile stress is larger than the tensile
strength of concrete when the thermal conductivity is bigger
than 1.0W/(m·K), which can cause structural cracks. ,e
maximum principal tensile stress increases 36.7% when the

thermal conductivity changes from 0.5W/(m·K) to 3.5W/
(m·K). In conclusion, reducing the thermal conductivity of
concrete can reduce the risk of structural cracking.

,erefore, suitable thermal conductivity not only en-
sures the temperature below the standard threshold but also
makes sure the stress state under stable. Some research
results [44, 45] can be used to realize this target, such as
using limestone, lightweight aggregate (expanded shale),
recycled, or natural and recycled aggregates to replace basalt,
quartzite, siltstone, and other coarse aggregates, adding
auxiliary cementitious materials (fly ash and slag) and not
too high humidity during casting.

4.2. Effect of Specific Heat. Figure 6 shows the relationship
between temperature and time with four different specifics
heat which are 0.8 kJ/(kg·°C), 0.9 kJ/(kg·°C), 1.0 kJ/(kg·°C),
and 1.1 kJ/(kg·°C), respectively. As shown in Figure 6, the
temperature of the four points demonstrates the same
change process similar to themselves with different thermal
conductivities, as shown in Figure 4. Besides, the temper-
ature rises more with bigger specific heat than that with
smaller specific heat. However, the temperature differences
with the different specifics heat of the same point are smaller
than that with different thermal conductivities, which
proposed that thermal conductivity has a greater influence
on the temperature than specific heat. ,e maximum
temperature of point A is 48.5°C, 48.8°C, 49.0°C, 49.2°C, and
49.3°C, respectively. ,e maximum temperature of the first
temperature rise at point B is 16.3°C, 16.6°C, 17.0°C, 17.3°C,
and 17.6°C, appeared around 80 hours. ,e maximum
temperature of the first temperature rise at point C is 13.7°C,
13.9°C, 14.1°C, 14.3°C, and 14.4°C, also appeared around 80
hours. ,e temperature at point D is almost keeping the
same change process with the environment temperature,
basically not affected by specific heat. At the same time, the
temperature difference between the core and surface of the
structure is calculated as 32.7°C, 32.6°C, 32.5°C, 32.4°C, and
32.3°C, respectively, with each specific heat. Obviously, re-
ducing the specific heat can reduce the maximum tem-
perature inside the structure, but increase the temperature
difference between the core and surface of the structure.
However, the temperature change is very limited, especially
when compared with the change brought about by thermal
conductivity.

Figure 7 shows the calculated and fitted maximum
principal tensile stress at each point with a different specific
heat. ,e maximum principal tensile stress of point A is
close to zero and points B and C are all less than allowable
principal tensile stress, and the maximum principal tensile
stress occurs at point D for the same reason discussed in
Section 4.1. Moreover, as shown in Figure 6, the maximum
principal tensile stress at points A, B, and C increases while
point D decreases with the increases of specific heat, all
change with a linear relationship. ,erefore, increasing the
specific heat can reduce themaximum principal tensile stress
of the construction. ,e maximum principal tensile stress
reduces 6.8% when the specific heat increases from 0.8 kJ/
(kg·°C) to 1.1 kJ/(kg·°C).
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In conclusion, specific heat increase has a positive
effect on hydration temperature rise and a negative effect
on maximum principal tensile stress. However, the in-
fluence of concrete specific heat on the maximum prin-
cipal tensile stress is greater than that on the maximum
temperature. Under the condition that the hydration heat
temperature meets the requirements, it enlightens us to
control the maximum principal tensile stress to avoid the
structure cracking through increasing specific heat
methods, such as adding an appropriate amount of fly ash
and slag, reasonably reducing the sand ratio,

appropriately increasing the content of small stones under
the condition of constant coarse aggregate gradation [46].

4.3. Effect of Surface Heat Diffusion Coefficient. Figure 8
shows the relationship between temperature and time
with four different surface heat diffusion coefficients which
are 18 kJ/(m2·h·°C), 78 kJ/(m2·h·°C), 138 kJ/(m2·h·°C), and
165 kJ/(m2·h·°C), respectively. It can be seen that the surface
heat diffusion coefficient has no obvious influence on the
temperature in the central concrete structure, such as point
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Figure 6: Temperature-time curves with different specifics heat. (a) Point A, (b) point B, (c) point C, and (d) point D.
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A. ,e temperature rise in the central concrete structure is
mainly controlled by the thermal conductivity and specific
heat. However, the surface heat diffusion coefficient has a
more significant impact near the boundary of the structure.
As shown in Figure 8, there is an obvious hydration heat
temperature rise at points B and C when the surface heat
diffusion coefficient equals 18 kJ/(m2·h·°C).,e temperature
is easily affected by environmental temperature along with
the increase of the surface heat diffusion coefficient. ,e
maximum temperature of point A is close to 49.0°C appeared
at 340 hours with a different surface heat diffusion coeffi-
cient. ,e temperature difference between the core and
surface is 29.0°C, 33.4°C, 34.0°C, and 34.1°C, respectively,
with each surface heat diffusion coefficient. ,erefore, a
bigger surface heat diffusion coefficient contributes to more

heat loss in the boundary, but it is not conducive to reduce
the temperature difference between the core and surface.

Figure 9 shows the calculated and fitted maximum
principal tensile stress at each point with the different
surface heat diffusion coefficient. ,e maximum principal
tensile stress of point A is close to zero due to symmetry.,e
maximum principal tensile stress of points B and C decreases
with the surface heat diffusion coefficient increase because
that more temperature stress is relieved with a bigger surface
heat diffusion coefficient. However, because point D is
constrained by the bedrock, the temperature stress cannot be
easily relieved with heat loss, so the maximum principal tensile
stress shows an increasing trend with the surface heat diffusion
coefficient increase. ,e maximum principal tensile stress at
four points all shows a law of quadratic function.
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Figure 8: Temperature-time curves with different surface heat diffusion coefficients. (a) Point A, (b) point B, (c) point C, and (d) point D.
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In conclusion, appropriately reducing the surface heat dif-
fusion coefficient has a positive effect on relieving themaximum
principal tensile stress. ,e maximum principal tensile stress
reduces up to 52% when the surface heat diffusion coefficient
changes from 165kJ/(m2·h·°C) to 8kJ/(m2·h·°C). Since the
surface heat diffusion coefficient is related to wind speed, surface
roughness, and surface thermal resistance condition [47],
measures such as surface insulation, adding additives (such as
defoamer) can be taken to reduce the surface heat diffusion
coefficient and finally reduce the maximum principal tensile
stress and prevent the occurrence of structural thermal cracks.

4.4. Effect of Temperature Rise Coefficient. Figure 10 shows
the relationship between temperature and time with five
different temperature rise coefficients which are 0.20 d−1,
0.25 d−1, 0.30 d−1, 0.35 d−1, and 0.40 d−1, respectively. It can
be seen that the temperature rise coefficient has a significant
impact on the first hydration heat temperature rise process
whether in the core region or near the boundary of the
structure, except for the foot point D. ,e maximum
temperature of point A is 48.2°C, 48.7°C, 49.0°C, 49.2°C, and
49.4°C, respectively, appeared at 420 hours, 380 hours, 340
hours, 320 hours, and 280 hours with the corresponding
temperature rise coefficient. ,e temperature difference
between the core and surface is 31.3 °C, 32.1°C, 32.6°C,
32.9°C, and 33.2°C, respectively. It is obvious that reducing
the temperature rise coefficient can reduce the maximum
temperature and also reduce the temperature difference
between the core and surface of the structure by changing
the rate of temperature rise in the condition of the same
hydration heat generated.

Figure 11 shows the calculated and fitted maximum
principal tensile stress at each point with a different temper-
ature rise coefficient. ,e maximum principal tensile stress of
four points with a different temperature rise coefficient shows a
similar change regulation with that with a different surface heat
diffusion coefficient, and the maximum principal tensile stress
at four points also shows a law of quadratic function with the
temperature rise coefficient. ,e foot points of the structure,
including point D, are also the positions of stress concentration
and the maximum principal tensile stress which has exceeded
the allowable stress of the concrete if the temperature rise
coefficient is greater than 0.30d−1.

In conclusion, appropriate decrease of the temperature
rise coefficient has a positive effect on relieving the maxi-
mum principal tensile stress.,emaximum principal tensile
stress can reduce 18.9% when the temperature rise coeffi-
cient changes from 0.40 d−1 to 0.20 d−1. Measures such as
controlling pouring temperature and reducing the amount
of cement [48] can be taken to reduce the temperature rise
coefficient and decrease the maximum principal tensile
stress in the result.

4.5. Effect of Solar Absorption Coefficient. ,e thermal pa-
rameters analyzed above have not considered the influence
of the solar absorption coefficient, which was set to zero.
However, studies [42, 49] found that the temperature field of
the concrete structure is greatly affected by solar radiation.
When calculating the radiant heat of the flat surface of a
concrete structure, the annual variation of radiant heat ΔF
and the annual average radiant heat ΔT [1] are usually
calculated as follows:
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Figure 9: ,e calculated and fitted maximum principal tensile stress at each point with a different surface heat diffusion coefficient.
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ΔF �
As

β
,

ΔT �
rS

β
,

(21)

where As is the yearly amplitude of radiant heat, r is the solar
absorption coefficient discussed in this section, and S is the
solar radiation on cloudy days, which is calculated according
to the solar radiation heat S0 on sunny days. ,e calculation
equation is given as follows:

S � S0(1 − kn), (22)

where k is the coefficient, and n is the cloud cover. In this
study, S0 equals 924.5 kJ/(m2·h), n equals 0.1, and k equals
0.668.

Figure 12 shows the relationship between temperature
and time with six different solar absorption coefficients
which are 0, 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. ,e zero
solar absorption coefficient is a contrast study condition. As
shown in Figure 12, the solar absorption coefficient has a
great impact on the temperature near the boundary of the
structure but almost does not influence the core regions. ,e
temperature arises generally linear along with the time at
points A, B, and C. Also, the bigger solar absorption co-
efficient induced the higher temperature rise at these three
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Figure 10: Temperature-time curves with different temperature rise coefficients. (a) Point A, (b) point B, (c) point C, and (d) point D.
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Figure 11: ,e calculated and fitted maximum principal tensile stress at each point with a different thermal temperature rise coefficient.
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points. ,e maximum temperature of point A is close to
49.0°C appeared at about 340 hours with the corresponding
solar absorption coefficient. ,e temperature difference
between the core and surface is 32.6°C, 26.3°C, 24.3°C,
22.3°C, 20.4°C, and 18.4°C, respectively. It is because that
more heat is induced by bigger solar absorption coefficient
absorb by the surface and then against the internal heat
dissipation. ,erefore, it is demonstrated that the temper-
ature difference between the core and surface reduces as the
solar absorption coefficient increases.

Figure 13 shows the calculated and fitted maximum
principal tensile stress at each point with a different solar
absorption coefficient. It can be got that the maximum
principal tensile stress of the study points all decrease to a
certain degree when the solar absorption coefficient in-
creases. However, in the matter, the maximum principal
tensile stress in the structure is no more occurred at point D,
but at point C which is located at the surface of the structure.
,is conclusion just explains the common physical weath-
ering degradation phenomenon of the construction struc-
ture. ,e tensile stress values at all points are less than the
allowable tensile stress. Fitting the maximum principal
tensile stress with the solar absorption coefficient shows a
quadratic function law.

In conclusion, increasing the solar absorption coefficient
can reduce the tensile stress of the concrete foundation. ,e
maximum principal tensile stress can reduce 21% when the
solar absorption coefficient changes from 0 to 0.8. Because
the solar absorption coefficient of the structure surface is
related to the surface color [50], measures such as the dark
coating of the surface formwork or using dark insulation can
play a major role in increasing the surface solar absorption
coefficient.

4.6. Effect of 0ermal Expansion Coefficient. ,e thermal
expansion coefficient is a thermal parameter which not
directly impact heat transfer but significantly influences
thermal stress. Figure 14 shows the calculated and fitted
maximum principal tensile stress at each point with a dif-
ferent thermal expansion coefficient. When the thermal
expansion coefficient of concrete changes from 8∗10−6/°C
to 12∗10−6/°C, the maximum principal tensile stress at
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Figure 12: Temperature-time curves with different solar absorption coefficients. (a) Point A, (b) point B, (c) point C, and (d) point D.
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points A, B, and C of the structure increases with the in-
crease of the thermal expansion coefficient while point D
decreases. ,e maximum principal tensile stress of the
structure also appears in the foot regions, such as point
D. Fitting the maximum principal tensile stress with the
thermal expansion coefficient shows a linearly relationship.
,e main reason is that under unconstrained conditions, the
free temperature deformation is given as follows:

εx � εy � εz � αT,

cxy � cyz � czx � 0,
(23)

where α is the thermal expansion coefficient.
Equation (23) shows that the bigger the thermal ex-

pansion coefficient, the higher the deformation of the
structure and also the higher stress. However, the maximum
principal tensile stress at point D shows an opposite change
rule because when the thermal expansion coefficient changes
from 8∗10−6/°C to 12∗10−6/°C, the maximum principal
tensile stress of points B and C increases almost 50%, and the
value has quickly approached point D. ,is shows that the
restraint of the foundation has a certain release by stress
increase of the free surface, but it releases little, so the
maximum principal tensile stress of the foundation is re-
duced by only 2%.

5. Conclusions

Aiming to analyze the influence of thermal parameters on
the temperature and thermal stress distribution of the
foundation, six thermal parameters are chosen and discussed
in this study. ,e main conclusions are listed as follows:

(1) Increasing the thermal conductivity of concrete and
reducing the specific heat and temperature rise co-
efficient can reduce the maximum temperature of the
structure. Other thermal parameters have no obvious
effect on the maximum temperature.

(2) Increasing the specific heat, solar absorption coef-
ficient, or thermal expansion coefficient has a pos-
itive effect on reducing the maximum principal
tensile stress, but on the contrary of the effect of the
thermal conductivity, surface heat diffusion coeffi-
cient, and temperature rise coefficient. Moreover, it
is found that fitting the maximum principal tensile
stress at different positions of the structure shows a
linear function with thermal conductivity, specific
heat, and thermal expansion coefficient and a qua-
dratic function with surface heat diffusion coeffi-
cient, temperature rise coefficient, and solar
absorption coefficient.

(3) Combined with the research results, the following
temperature control and crack prevention measures
are proposed under the condition of ensuring the
concrete strength, such as reducing the amount of
cement, increasing the particle size of coarse ag-
gregate, and selecting coarse aggregate with a high
thermal expansion coefficient.
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In permafrost regions, construction of a channel involves a large amount of excavation activities and changes to surface water
body, which can exert great impacts on the thermal regimes of permafrost underlying. In this paper, a coupled mathematical
model of heat and moisture transfer was constructed for freeze-thaw soils to investigate the long-term thermal regimes of
subgrade beneath a drainage channel built on the Qinghai-Tibet Plateau. Based on the numerical simulations, the thermal regimes
of the subgrade both in warm and cold seasons were analyzed within a period of 50 years, as well as the impact of the widths of the
channel. +e results showed that the channel excavation and flowing water within could lead to a significant underlying
permafrost degradation. During the first 30 years, the permafrost beneath the channel mainly experienced a rapid downward
degradation. After that, the lateral thermal erosion of the flowing water led to a rapid permafrost degradation beneath the slope of
the channel. In cold seasons, the shallow ground beneath the channel would not refreeze due to the flowing water and the thaw
bulb actually expanded throughout the year. For the channel with a bottom width of 15m, the thaw bulb beneath the channel
could expand laterally to the natural ground about 10m far away from the slope shoulder of channel till the 50th year. With
different widths, the long-term thermal regimes of the subgrade beneath the channels differed considerably and the maximum
difference was at the slope toe of the embankment. With the numerical simulated results, it is recommended that a channel built
on permafrost should be wide-and-shallow rather than narrow-and-deep if conditions permit.

1. Introduction

Permafrost is defined as ground (soil or rock including ice)
with a temperature at or below 0°C for at least two con-
secutive years [1, 2]. A quarter of the Northern Hemisphere
and 17% of the exposed land surface of earth are underlain
by permafrost [3]. +e distribution of permafrost on earth
can be of altitudinal and latitudinal character [4]. In China,
the permafrost area accounts for 22% of the total land area,
which is mainly distributed on the Qinghai-Tibet Plateau
(QTP), the Northeastern China, and the high mountain
areas in the Northwestern China. With an average elevation
of more than 4000m, the QTP has the largest distribution of
altitudinal permafrost on earth [5]. Compared with

latitudinal permafrost in the Northern America and Siberia,
the permafrost on the QTP is characterized with high
temperatures and thermal unstable, thus being more sen-
sitive to climatic changes and human activities [6–8].

+e QTP is also known as the Asian Water Tower. It is
one of the three major distribution areas of lakes in China,
and its lake area accounts for more than 50% of the total in
China [9, 10]. In the context of global warming, the climate
warming and wetting on the QTP was significant during the
past decades, which led to significant changes in lake
number and area [11–14]. +e recent estimations showed
that, since the mid-1990s, the area, level, and volume of lakes
on the QTP showed a continuous increase [15, 16]. In a study
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by Liu et al. [17], a rapid expansion since 2000 was observed
for lakes in the endorheic basin on the QTP, particularly in
the Hoh Xil region with a continuous permafrost distri-
bution. +e rapid expansion of lakes could cause flood di-
sasters, which may exert significant threatens to the
production and living of local communities, as well as major
engineering infrastructures nearby [18–20].

In 2011, the Zonag Lake in the central of the Hoh Xil
regions burst suddenly, which was an extreme case of lake
evolution on the QTP. After the outburst, a deep and wide
gully developed at the breaking point and the flood entered
the downstream lakes including the Kusai Lake, Haiding
Nor Lake, and Yanhu Lake. At present, the four lakes are
already connected together, and the first three ones lost their
storage functions, making the Yanhu Lake become a tail-
end-lake [21–24]. From 2011 to 2019, the surface area of the
Zonag Lake decreased from 269 to 150 km2, while the surface
area of Yanhu Lake increased by almost 3 times from 73 to
209 km2 [5, 25]. Considering the rapid changes, some re-
searchers conducted predictions and concluded that an
overflow would occur to the Yanhu Lake in a minimum of
one to two years [21]. At about 10 km downstream the
Yanhu Lake, there are the Qinghai-Tibet Railway, Qinghai-
Tibet Highway, Qinghai-Tibet Power Transmission Line,
Golmud-Lhasa Oil Pipeline, as well as several communi-
cation cables. It is well-known that all of them are of great
importance for social and economic ties between the Tibet
Autonomous Region and the inner China [26–28]. If the
Yanhu Lake burst in an uncontrollable condition, these
major linear infrastructures would be in danger and even be
destroyed by the outburst flood.

To prevent this projected flood disaster, a large-scale
drainage project was conducted in 2019 between the po-
tential breaking point of the Yanhu Lake and the Qingshui
River at the downstream [9, 29]. When serving as subgrade
of man-made infrastructure, the physical and mechanical
properties of permafrost are closely related to its thermal
regimes [30–33]. Meanwhile, along with seasonal freezing
and thawing in the active layer, significant (differential) frost
heave and thaw subsidence would occur at the ground
surface, which can cause series of damages to structures built
upon [34]. +us, the thermal regime of permafrost is a key
variable that determines the bearing capacity and defor-
mation of foundations and the long-term stability and in-
tegrity of the structures upon [35–38]. With regard to
evolution of permafrost thermal regimes beneath hydraulic
structures, the related research studies were scarce as there
has been almost no large-scale hydraulic engineering con-
ducted in continuous permafrost regions. In related fields,
research studies on thermal interactions between thermo-
karst lake and underlying permafrost were conducted both
in latitudinal and altitudinal permafrost environments. In
1978, a large tundra lake was drained to study the aggra-
dation of permafrost into newly exposed lake-bottom sed-
iments, and the active-layer thickness, snow depth,
minimum soil temperatures, near-surface ground ice, soil
heave, and permafrost temperatures had been measured for
over 20 years [39]. Lin et al. [40] conducted filed observa-
tions on water and ground temperatures beneath and

around a 2m deep thermokarst lake on the QTP and found
that the mean annual ground temperatures beneath the
thermokarst lake were more 5°C higher than those in the
surrounding terrain at the same depths. In a study by Niu
et al. [41], characteristics of about 250 thermokarst lakes on
the QTP were investigated and their influences on perma-
frost were evaluated based on field measurements in ground
temperatures around a lake in the Beiluhe Basin. +rough
using numerical methods, Wen et al. [42] and Ling and
Zhang [43] simulated the temporal and spatial variation of
ground temperature and talik thickness beneath an
expanding thermokarst lake on the QTP and the Alakan
Arctic, respectively. In a study by Wen et al. [42], the lake
was assumed to expand linearly with time both in radius and
depth, while in a study by Ling and Zhang [43], the lake was
assumed to expand linearly with time only in radius. Li et al.
[44] conducted a moisture-heat coupled numerical simu-
lation to investigate the permafrost degradation beneath a
thermokarst pond with consideration of climate warming.
Compared with thermokarst lakes, however, the thermal
impact of a drainage channel to underlying permafrost may
be more significant and complex due to the excavation of the
channel and the running water within the channel. With
regard to channels built in cold regions, Li et al. [45]
established a moisture-heat-mechanic couple mathematic
model and investigated the freeze-thaw influence on the
channel using numerical simulations. Considering the ef-
fects of the seepage water, Zhang et al. [46, 47] investigated
the thermal regimes of the permafrost beneath the dike with
various antiseepage measures.

In this paper, the drainage channel of the Yanhu Lake
was taken as an example and the thermal interactions among
the drainage channel, the drainage water body, and the
underlying permafrost subgrade were investigated through
field observations and numerical simulations. With the
Harlan model and Richard equation, a coupled mathematic
model for heat and moisture transfer in freezing-thawing
soils was established. +en, a numerical model was con-
structed based on the engineering geotechnical investigation
conducted in the field and the dimensions of the drainage
channel. +e numerical model was validated with field
observations carried out at the drainage channel. +en, the
long-term evolution of thermal regimes of permafrost be-
neath the drainage with three bottom widths was investi-
gated after a validation through using numerical
simulations. It is hoped that the results of this study can
provide scientific references for predicting and warning of
the safe operation of the drainage channel.

2. Mathematical Model and
Governing Equations

2.1. Liquid Water Flows. Without considering the effects of
water vapor, the equivalent volume of water content θ in
freeze-thaw soil based on the law of mass conservation can
be expressed as follows:

zθ
zt

�
zθu

zt
+
ρi

ρw

zθi

zt
� ∇ qlh( , (1)
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where θ is the equivalent volume of water content (m3·m−3);
θu is the volume of unfrozen water content (m3·m−3); θi is the
volume of ice content (m3·m−3); ρi is the density of ice
(kg·m−3); ρw is the density of water (kg·m−3); t is the time;
and qlh is the liquid water flux density which can represent
liquid flows due to a pressure head gradient (m·s−1).

+emigration of liquid water under potential gradient in
frozen soil is similar to that in unfrozen unsaturated soil
based on the Harlan model and can be described by Richard
equation [48, 49]. +en, it is mainly influenced by the factors
including water potential gradient and hydraulic conduc-
tivity of soils. +e values of water potential gradient and
hydraulic conductivity in unfrozen and frozen soils differ
considerably, while the regulation of water migration can
still be assumed to Darcy’s law [50]. Only considering the
potential gradient, the flux density of liquid water can be
expressed as follows [51, 52]:

qlh � −Klh∇(h + y), (2)

where y is the vertical coordinate (m); h is the pressure head
(m); and Klh is the water conductivity coefficient of liquid
water under the action of soil-water potential gradient
(m·s−1). +en, considering the equivalent volume water
content θ as a dependent variable, the mass conservation
equation of liquid water in unfrozen and frozen soils can be
written as follows [53]:

zθ
zt

� ∇ · Klh∇(h + y) . (3)

+e relationship between the amount of water and en-
ergy in the soil can be reflected by soil-water characteristic
curve (SWCC). +en, SWCC also can represent the rela-
tionship between matric, volume water content, and satu-
ration in frozen and unfrozen soils [52]. In this study, the
van Genuchten model and Mualem model are adopted to
describe the hydraulic properties of unsaturated freeze-thaw

soil [53, 54]. +e hydraulic properties can be written as
follows:

h �
− S

1/−m
e − 1 

1/n

α
, (4)

Se �
θl − θr
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1
1 +|αh|

n
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2
, h< 0,

Ks, h≥ 0,

⎧⎨

⎩ (6)

where Se is the effective saturation; Ks is the saturation water
conductivity coefficient (m·s−1); θl, θs, and θr are liquid water
content, saturated liquid water content, and residual water
content (m3·m−3); α is the derivative of the soil intake value
(m−1);m� 1–1/n; and n and l are experience parameters, and
Mualem suggested that l could be determined as 0.5 [54].

2.2.HeatTransfer. Compared with the heat conduction with
phase change of ice to water, the energy released by the heat
convection was very small and could be neglected during the
heat transfer analysis of freeze-thaw soil [55–57]. +en, the
governing equations of heat transfer in freeze-thaw soil can
be written as follows [49]:

Cm

zT

zt
�

z

zx
λm

zT

zx
  +

z

zy
λm

zT

zy
 , (7)

where Cm is the equivalent volume heat capacity and λm is
the equivalent thermal conductivity. According to the
method of sensible heat capacity, equivalent volume heat
capacity Cm and equivalent thermal conductivity λm in
freeze-thaw soils can be written as follows [55, 58]:

Cm �

Cf, T<Tf − ΔT,

Cu + Cf

2
+

Ls

2ΔT
, Tf − ΔT≤T≤Tf + ΔT,

Cu, T>Tf + ΔT,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

λm �

λf, T<Tf − ΔT,

λu − λf

2
T − Tm − ΔT(   + λf, Tf − ΔT≤T≤Tf + ΔT,

λu, T>Tf + ΔT,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(9)

where Tf±∆T is the temperature range of phase change; Cu
and λu are the volume heat capacity and thermal conduc-
tivity of unfrozen soil; Cf and λf are the volume heat capacity
and thermal conductivity of frozen soil; and Ls is the latent

heat of phase change in per unit volume. While the tem-
perature ranges of phase change in different soil are difficult
to gain, the heat transfer equation adopted in this study is
written as follows [49]:
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where C is the volume heat capacity; λ is the thermal
conductivity; and L is the latent heat of freezing of liquid
water (approximately 3.34×105 J·kg−1).

After soil freezing, not all liquid water can be transferred
to solid ice. +e rest of liquid water is called as unfrozen
water. +en, the unfrozen water content is related to factors
including the temperature, pressure, water salinity, miner-
alogy, soil specific surface area, and soil surface chemistry
[59–62]. Based on previous work and related theories, the
empirical expression as follows is used to determine the
maximum unfrozen water content in the freezing process
[49, 50, 52]:

θumax � a(T − 273.15)
− b

, (11)

where a and b are parameters related to the soil properties.
+e volume liquid water content can be determined by
temperature and equivalent volume [50, 52]:

θl �
θ, others,

θumax, T<Tf and θ> θumax,

⎧⎨

⎩ (12)

where Tf is the freezing point of saturated soil (0°C). Previous
studies showed that the freezing point of soil is not a fixed
value, and the ice grows only when the water content exceeds
θumax [63].

3. A Drainage Channel Built in High-Altitude
Permafrost Environment

3.1. Study Area and Drainage Channel. In this study, the
drainage channel built for Yanhu Lake, in the Hoh Xil region
on the QTP, was taken as an example. In the area, the el-
evation ranges from 4460 to 4500m a.s.l. +e meteorological
data were collected from the Wu Daoliang weather station,
which is about 70 km far away from the channel. +e col-
lected data showed that, in the period from 1965 to 2019, the
main annual air temperature ranged from −6.5 to 3.7°C and
the main annual precipitation ranged from 136 to 480mm.
Since the 1980s, the climate warming and wetting at the
region was significant.

A standard whether station was set up at the channel in
2020. Figure 1 shows the observed air temperatures during
themonitoring period from 24May to 10 November in 2020.
In the period, the maximum air temperature reached to
12°C, which appeared in mid-August. Combined with the
collected air temperatures from the Wu Daoliang weather
station, the air temperature at the projected area can be fitted
using a sinusoidal function as follows:

To � −3.02 + 11.6 sin
2πt

365
+ 0.3 , (13)

where t is the time (d).

3.2. Ground Temperature Observation at the Channel. To
observe thermal regimes of permafrost subgrade beneath the

channel, three ground temperature boreholes including
natural ground (NG), slope shoulder (SS), and slope toe (ST)
of the channel were drilled after excavation of the channel
(Figure 2). +e three boreholes were 20m in depth. Con-
sidering the symmetry of the channel, the three boreholes
were all arranged at one side of the channel. Within each
borehole, 32 ground temperature sensors were installed with
a spacing of 0.5m between 0–10m depth and of 1m below
10m depth. +e measurement range of the sensor is from
−40 to 40°C, with an accuracy of ±0.05°C. All the sensors
were connected to a CR6 data collector, and the observation
frequency of ground temperatures was 6 hours.

4. Numerical Simulations and Results Analysis

4.1. Computational Model. Previous studies showed that the
boundary error would be less than 10% when the computa-
tional domain is 3–5 times of the equivalent diameter of the
model [64]. In this study, the computational model was con-
structed based on the actual dimension of the channel. +e
depth of the channel was 4.7m, and the bottomwidth was set as
25m.+e slope of the channel was released by 1 : 3. At present,
the water depth within the channel was determined as 1m
throughout one year based on the field survey. +e compu-
tation on thermal regimes of subgrade under the channel can be
simplified as a 2D unsteady heat transfer problem.

According to the geological survey conducted before the
drainage excavation, the soil strata can be simplified as sandy
gravel, silty clay, and weathered mudstone from the surface
down. +e thermal and hydraulic parameters of the three
soil layers are listed in Table 1, which were gained based on
the borehole drillings and related laboratory tests
[34, 49, 50, 52, 65].

4.2. Boundary Conditions. According to the meteorological
data from the Wu Daoliang weather station, the long-term
air temperatures in the study area showed a linear increase
with the rate of 0.33°C/10a. +en, based on the adherent
layer theory [62], the upper boundaries of GF and FE were
set as temperature boundary:

T � −0.502 + 11.6 sin
2πt

365
+ 0.3  +

0.33t

3650
, (14)

where t is the time (d).
As an alternative to heat budget models, linear corre-

lations between air and water temperatures during open
water periods were studied widely in previous studies [66].
Based on the analysis of a stream’s heat transport/budget
equation, the air temperature shows a good linear rela-
tionship with water temperature. +e relationship between
the water temperature in the lake and the air temperature
can be linearly fitted as follows:

Tw(t) � A + BTa(t), (15)

where Tw(t) and Ta(t) are the water temperature and the air
temperature in the same time scale; A and B are constants;
and t is the time (d).
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Table 1: +ermal and hydraulic parameters of the three soil layers.

Parameters λu λf Cu Cf A BW·m−1 °C−1 W·m−1 °C−1 J·m−3°C−1 J·m−3 °C−1

Sandy gravel 1.91 2.61 2.41× 106 1.86×106 10.67 0.57
Silty clay 1.42 2.12 3.35×106 2.54×106 6.9 0.47
Mudstone 1.47 1.82 2.09×106 1.84×106 9.3 0.52

Parameters α θr θs
Ks Ρ Ls

m−1 m·s−1 kg·m−3 J·m−3

Sandy gravel 3.28 0.01 0.44 2.4×10−7 1800 2.31× 107

Silty clay 2.6 0.02 0.35 3.3×10−8 1600 6.51× 107

Mudstone 2.3 0.02 0.25 1.2×10−8 1700 3.77×107
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Figure 1: Observed air temperatures at the channel from May 24 to November 10, 2020.
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According to the observed water temperatures (equation
(15)) in lakes near the study area [40] and the air temperature
showed as equation (16), the two constants of A and B in
equation (14) used in this study were determined as follows:

Tw1 � 5.96 + 5 sin
2πt

365
− 0.65 , (16)

Ta1 � −4.02 + 11.1 sin
2πt

365
− 8.18 , (17)

where t is the time (d).
Without considering the impacts of artificial heat inputs,

ground water inputs, stream shading, and wind sheltering,
the values of A and B in equation (14) in the same area have
very slight differences [66]. +en, the water temperature in
the channel can be written as equation (17). +us, the
boundary BH and BG were set as follows:

Tw � 4.72 + 5.21 sin
2πt

365
+ 0.3  +

0.15t

3650
, (18)

where t is the time (d).
+e boundary condition at CD was set as heat flux with

the value of 0.03W/m2, which was gained from the geo-
thermal gradient within the ground temperature boreholes.
+e boundary of DE was thermal insulation boundary, and
that of BC was the symmetry boundary. With the governing
equations and boundary conditions above, the problem was
solved numerically using the commercial software of
COMSOL Multiphysics. +e spatial and temporal dis-
cretization of governing equations was carried out by using
the finite method. +e simulation was conducted over a
time period of 50 years before the drainage channel ex-
cavation to gain the initial temperature field. After the
excavation, the boundary conditions were set as the ones
described above.

4.3.ModelValidation. A comparison between field observed
and numerical simulated ground temperatures at ST on
October 15 in the first year after the channel excavation was
conducted to validate the numerical model and its param-
eterization (Figure 3). It can be found that the numerical
simulated results agreed with the field observed well within
the permafrost layer, including the depth of the permafrost
table and the permafrost temperatures below. While in the
active layer, there were some slight discrepancies between
the numerical simulated and field observed ground tem-
peratures. +e discrepancies may relate to the simplification
of the soil strata in the numerical simulation and the depth of
the temperature sensors installed within the borehole.
Overall, the numerical model and its parameterization in
this study can be used to simulate the permafrost thermal
regimes beneath the channel.

5. Results and Analysis

5.1. Long-Term Permafrost Aermal Regimes beneath the
Channel inWarm Seasons. In the permafrost regions on the
QTP, the maximum seasonal thaw depth generally occurs in

mid-October. In the following analysis, the time point was
chose to investigate the long-term permafrost thermal re-
gimes beneath the channel. For brevity, we only took the
channel with the width of 15m as an example.

Figure 4 shows the thermal regimes of subgrade beneath
the channel on October 15 within the 50 years after the
channel excavation. It can be seen that, due to combined
thermal effects of the flowing water and climate warming,
the permafrost beneath the channel degraded rapidly with
time went on. While in the natural ground far away from the
channel, the permafrost degraded slowly due to the climate
warming effect. In the 5th year, the maximum seasonal thaw
depth at NG, ST, and centerline of the channel (CC) was 2.4,
9.2, and 10.5m, respectively. A thaw bulb developed beneath
the channel due to the thermal effect of flow water. +e
permafrost temperatures beneath the channel also increased
considerably comparing with those beneath the natural
ground at the same depths. For example, at the depth of
10m, the permafrost temperatures under CC and NG were
0.14°C and −0.45°C, respectively, with a difference up to
0.6°C. With increase in the operation time, the thaw bulb
beneath the channel expanded rapidly in the vertical di-
rection. In 10th year after the channel excavation, the
maximum seasonal thawing depth at CC and ST reached to
16.7 and 14.4m, respectively. Till the 30th year, the per-
mafrost beneath the channel degraded almost totally within
the depth of 30m. After that, the later thermal erosion of the
channel became considerable, and the permafrost beneath
the channel slope degraded with the depth of 30m.

+e above results showed that, during the first 30 years of
the channel operation, the permafrost beneath the channel
experienced a rapid downward degradation because of the
significant thermal effect of the flowing water. Along with
the rapid downward degradation of permafrost beneath the
channel, a large lateral thermal gradient developed beneath
the slope of the channel. +is significant thermal gradient
would cause uneven deformations of the slope and even
slumps or collapse because of the temperature dependence
of mechanical properties of frozen soils. +us, how to ensure
the slope stability of the channel is a great challenge in
permafrost environment.

5.2. Long-Term Permafrost Aermal Regimes beneath the
Channel in Cold Seasons. In mid-April, the active layer on
the QTP generally refreezes completely. In order to inves-
tigate the thermal regimes of subgrade beneath the channel
in cold seasons, ground temperature distributions within the
subgrade on April 15 within the 50 years after the channel
excavation were analyzed in this section.

Figure 5 shows the thermal regimes of subgrade beneath
the channel on April 15 within the 50 years after the channel
excavation. +e shallow ground far away from the slope
shoulder of the channel refrozen totally in cold seasons.
While, beneath the channel, the thaw bulb beneath the
channel did not freeze due to the flowing water. Compared
with the last warm season in the same year (Figure 4), the
thaw bulb still expanded in the following cold seasons. In the
5th year, the thaw bulb mainly exited vertically beneath the
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Figure 3: Field observed and numerical simulated ground temperatures vs depth at ST on October 15, 1st year after the excavation of the
channel.
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Figure 4: +ermal regimes of subgrade beneath the channel on October 15 after 5 (a), 10 (b), 20 (c), 30 (d), 40 (e), and 50 (f) years of the
channel excavation (unit:°C).
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bottom of the channel and the water body within the
channel. With the time went on, the thaw bulb developed
rapidly both in vertical and lateral directions. Special at-
tention should be paid to ground thermal regimes beneath
the slope of the channel. +e shallow ground on the slope
was frozen but the deep ground was thawed in the cold
season due to the lateral thermal erosion of the flowing
water. Till the 50th year, the thaw bulb in the cold season
reached to the natural ground about 10m far away from the
slope shoulder of the channel. +is meant that, all the deep
ground beneath the slope of the channel was thawed
throughout the year.

5.3. Impacts ofChannelWidthonLong-TermAermalRegimes
of Permafrost Subgrade. +ewidth of the channel is not only
related to the slope stability of the channel but also the
permafrost degradation beneath the channel. To investigate
the impacts of the channel width, a series of numerical
simulations with different widths of the channel (15, 25, and
35m) were carried out in this study. +e flow of water was
determined as a constant, and then the water depths were
different for the channels with different widths. With the
channel widths of 15, 25, and 35m, the water depths were set
as 1.53, 1.0, and 0.74m, respectively.

Figure 6 shows ground temperature profiles at CC, ST,
mid-slope (MS), and SS of the channels with the widths of
15, 25, and 35m on October 15 in the 15th year after the
channel excavation. It can be seen that, with different

widths of the channel, the long-term thermal regimes of
the subgrade differed, but the magnitudes of the difference
were different at the four locations. At CC (Figure 6(a)),
the ground thermal regimes for the channels with different
widths were close to each other. +e difference in the
maximum thaw depths for the three cases was about 1m.
+is means that, with different widths, the thermal erosion
from the channels did not differed considerably at this
location. While, at ST, the maximum thaw depths for the
channels with different widths differed considerably. +e
smaller the width of the channel was, the grater the
maximum thaw depth was at ST (Figure 6(b)). +is
considerable difference was related to different water
depths within the channels with different widths. When
the width of the channel increased from 15 to 35m, the
maximum thaw depth at STdecreased from 18.2 to 15.5m.
At MS (Figure 6(c)), the difference in maximum thaw
depths for the three cases was also considerable. +e wider
the channel was, the smaller the maximum thaw depths
were. At SS (Figure 6(d)), the ground thermal regimes were
also very close to each other with three widths of the
channel.

+e above results showed that the thermal regimes of
subgrade differed considerably for the channels with dif-
ferent widths. +e difference mainly existed at slope toe and
middle of the slope. While at the centerline and slope
shoulder, the ground thermal regimes were very close to
each other. For slope stability, the greater thaw depth is
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Figure 5: +ermal regimes of subgrade beneath the channel on April 15, after 5 (a), 10 (b), 20 (c), 30 (d), 40 (e), and 50 (f) years of the
channel excavation (unit: °C).
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Figure 6: Ground temperature profiles at CC (a), ST (b), MS (c), and SS (d) of the channels with widths of 15, 25, and 35m on October 15 in
the 10th year after the channel excavation.
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generally harmful. +us, it can be concluded that a channel
built on permafrost should be wide-and-shallow rather than
narrow-and-deep if conditions permit.

6. Conclusions

In permafrost regions, construction of a channel involves a
large amount of excavation activities and changes to surface
water body, which can exert great impacts on thermal re-
gimes of underlying permafrost. In this paper, a coupled
mathematical model of heat and moisture transfer for
freeze-thaw soil was constructed to investigate the long-term
thermal regimes of subgrade beneath a drainage channel
built for an expanding lake on the Qinghai-Tibet Plateau.
Using numerical simulations, thermal regimes of the sub-
grade both in warm and cold seasons were analyzed during a
50-year period, as well as the impact of the channel width.
+e conclusions were obtained as follows:

(1) In permafrost environment, excavation of the
channel and the flowing water within could lead to a
significant permafrost degradation. During the first
30 years of the channel operation, the permafrost
beneath the channel mainly experienced a rapid
downward degradation due to the thermal effect of
the flowing water. After that, the lateral thermal
erosion of the flowing water caused a rapid per-
mafrost degradation beneath the slope of the
channel. With a width of 15m, the permafrost
beneath the channel bottom and slope would de-
grade totally within a depth of 30m in a 50-year
period.

(2) +e ground beneath the channel would not refreeze
in cold seasons due to the flowing water within the
channel, and the thaw bulb developed throughout a
year. During the first 10 years, the thaw bulb mainly
existed vertically beneath the channel. After that, the
thaw bulb expanded quickly in lateral direction. Till
the 50th year after the excavation of the channel, the
thaw bulb reached to the natural ground about
25∼30m far away from the centerline of the channel
with a width of 15m.

(3) In permafrost environment, the width of the
channel is an important factor. With different
widths, the long-term thermal regimes of the
subgrade beneath the channels differed consider-
ably. +e maximum difference was at the slope toe
of the channel. +e narrower the channel was, the
larger the maximum thaw depth was at the slope
toe. +us, it is recommended that the channels in
permafrost environment should be designed as
wide-and-shallow rather than narrow-and-deep if
conditions permit.
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Based on research on subway tunnels in a viscous soil medium, this paper establishes the vibration equation of a tunnel structure
by using the theory of moderately thick cylindrical shells and the method of wave propagation. )e soil around the tunnel is
represented in simplified form as an isotropic viscoelastic medium to obtain the equation of motion of the soil, and the vibration
control equation of the tunnel under the influence of viscous soil is obtained by coupling. By numerical calculations, the variation
trends in the natural vibration frequency of the tunnel and attenuation affected by soil viscosity under different modes are given.
Furthermore, the influences of the tunnel radius, wall thickness, and length on the vibration characteristics of a tunnel structure in
viscous soil are discussed. )is study will provide a reference for the design of subway vehicles and the antivibration design of
subway tunnel structures.

1. Introduction

)e influence of environmental vibrations caused by subway
train operations is a problem that has attracted much at-
tention, and many researchers have conducted a series of
studies on this issue. )ese studies have mainly involved
features such as the track system, tunnel structure, and
physical characteristics of the surrounding strata. With the
widespread use of shield technology in tunneling, a cylin-
drical shell structure has become the first choice for urban
subway tunneling. )e study of the natural vibration
characteristics of underground structures, especially the
calculation of their natural vibration frequency, is an im-
portant part of their dynamic analysis, which provides a
theoretical basis for the dynamic calculation of structural
design loads. At present, research on such structures mainly
focuses on the theory of thin shells [1–4]. However, the
thickness diameter ratio of subway tunnel structures is
generally greater than 1 :12, which does not conform to the
assumptions of thin-shell theory.

Various studies have been performed to model
ground-borne vibrations from underground railways us-
ing numerical and analytical methods. Moore and Guan
[5] used continuous reflection to study the dynamic re-
sponse of a tunnel under incident seismic waves, and their
results showed that the interaction between soil and the
tunnel was significant. Clouteau et al. [6, 7] established a
three-dimensional model to calculate the dynamic inter-
action between a tunnel and soil, simulated the tunnel and
soil with a finite element and a boundary element, re-
spectively, and explained how the boundary element ef-
fectively simulated the periodic medium. )e effectiveness
of this method was demonstrated using two tunnels as
examples. Forrest and Hunt [2, 3] proposed a pipe-in-pipe
model and determined the dynamic response of a tunnel
system in three-dimensional elastic soil by considering the
tunnel-rock interaction. Gupta et al. [8] compared the
pipe-in-pipe model and the periodic finite element-
boundary element coupling model and analyzed the dy-
namic response of a tunnel lining in full space using these
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two models. Hussein et al. [9] developed a model for
analyzing vibrations from railway tunnels in a half-space
by using the pipe-in-pipe model. )en, Kuo et al. [10]
proposed a pair of parallel-tunnel models in homogeneous
full space and calculated the difference between the vertical
and horizontal results of the double-tunnel model and the
single-tunnel model. Clot et al. [11] extended this model to
predict dynamic responses of a double-deck circular
tunnel in full space. Parry et al. [12] verified the behavior of
the pipelines in a software model of pipeline vibrations to
determine ground noise and vibration levels above a
construction tunnel. Yang et al. [13] used a centrifuge
model experiment and numerical simulations to study the
influence of changes in soil parameters with depth on
vibrations caused by a tunnel. Via a comparison between
experimental results and numerically simulated results,
the validity of considering soil as a homogeneous medium
in numerical simulations was illustrated.

Both numerical and analytical methods were used in
the above studies to simulate the soil mass with a single
medium. )erefore, other researchers used model of sat-
urated porous media to simulate soil to increase the ac-
curacy of the models. Senjuntichai et al. [14] studied time-
harmonic vertical vibrations of an axisymmetric rigid
foundation embedded in a homogeneous poroelastic soil.
Kumar et al. [15] analyzed the radial displacement field of
the solid phase and fluid phase when the surface of a
cylindrical tunnel in saturated porous media was subjected
to time-varying loads. Hasheminejad et al. [16, 17] studied
the dynamic stress concentration in the area around the
porous wall of a cylindrical cavity in an infinite saturated
elastic medium under different vibrational modes and
considered the dynamic response of the cavity lining and
the surrounding soil under a moving load when the lining
was not fully in contact with the surrounding saturated
soil. Gao et al. [18] improved a 2.5-dimensional finite-
element model, and He et al. [19, 20] proposed a 2.5-di-
mensional coupled finite element-boundary element
model to simulate the three-dimensional dynamic inter-
action between saturated soil and a tunnel. Di et al. [21]
presented a 3-dimensional multilayer model of a cylin-
drical tunnel for investigating train-induced dynamic
stress in saturated soils, which considers multiple moving
loads and the grouting layer of a shield tunnel. Lu and Jeng
[22, 23] studied the dynamic response of fixed infinite
cylindrical holes in porous media under axisymmetric ring
loading and discussed the analytical determination of the
dynamic response of porous media in half-space under
moving point loading. On the basis of a fractional de-
rivative model and the theory of saturated porous media,
Gao and Wen [24] studied the dynamic characteristics of a

viscoelastic soil fractional derivative viscoelastic lining
system in the frequency domain under axisymmetric
loading and fluid pressure. Yuan et al. [25, 26] determined
the pore pressure transfer function of a tunnel in saturated
soil, compared the equivalent model of elastic soil with the
model of saturated soil, and studied the effect of pore fluids
in the soil on the ground vibrations due to a tunnel buried
in a layered half-space. In addition, some researchers have
paid attention to the effect of the void between the soil and
the tunnel interface [27, 28].

)e above literature contains in-depth and detailed
analyses of the vibrations caused by subway trains from
multiple perspectives. However, although they are an es-
sential parameter in vibration propagation, the vibration
characteristics of tunnels buried in viscous soil have rarely
been reported. In fact, the thickness-diameter ratio of most
subway tunnels excavated by shield tunneling machines is
greater than 1 : 12, and hence it is inappropriate to use
thin-shell theory to model a tunnel in most studies. In
addition, as a result of the natural complexity of soil, the
soil around a tunnel is essentially an unsaturated porous
medium. When the coupling between a tunnel and soil is
considered, the influence of the soil medium on the natural
vibration characteristics of the tunnel structure mainly
comprises the influence of the additional mass and ad-
ditional stiffness. )erefore, in this paper, the theory of
moderately thick cylindrical shells is used to build a tunnel
model, the Voigt-Kelvin equation is used to describe the
constitutive relation of the soil medium, and the disper-
sion characteristic equation for the vibration character-
istics of a tunnel in viscous soil is deduced by coupling of
the tunnel and soil.

2. Vibration Equation of Tunnel Structure

)e cylindrical coordinate system and a geometric model of
the tunnel structure studied in this paper are shown in
Figure 1. )e tunnel structure is represented by the inner
cylinder, and the soil around the tunnel is represented by the
outer cylinder. In the figure, L, R, and h represent the length,
radius, and wall thickness of the tunnel, respectively; u, v,
and w represent the axial, tangential, and radial displace-
ments of the tunnel surface, respectively; x, θ, and r denote
the axial, tangential, and radial coordinates of the shell; qx,
qθ, and qr represent the external forces on the middle surface
of the tunnel structure in the axial, tangential, and radial
directions, respectively. On the basis of the theory of
moderately thick shells [29], the equations of motion of the
displacement components in the tunnel can be established as
follows:
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(1e)

In the above equations, Young’s modulus of the shell
material is denoted by E, the shear modulus is denoted by G,
Poisson’s ratio is denoted by ], and the density of the shell
material is denoted by ρ; ϕ and φ represent the rotation of a
point in the tunnel structure in the x − r and x − θ planes,

respectively; and mx and mθ denote the external forces on the
x − r and x − θ plans, respectively; kr is the shear factor of the
cylindrical shell; and ε(a) represents this item as an additional
term, and t is time, where kr � 6/5, K � Eh/(1 − v2),
D � Eh3/12(1 − v2), J0 � h, and J2 � h3/12.

L
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R
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Figure 1: Geometric model of tunnel and soil.
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By using the wave propagation method, the solutions
related to the displacement, the axial propagation wave
number k, and the circumferential mode number n can be
obtained as follows:

u � U cos(nθ)exp[i(ωt − kx)],

υ � V sin(nθ)exp[i(ωt − kx)],

w � W cos(nθ)exp[i(ωt − kx)],

ϕ � Φ cos(nθ)exp[i(ωt − kx)],

φ � Ψ sin(nθ)exp[i(ωt − kx)],

(2)

where U, V, W, Φ, and Ψ are the amplitudes of the dis-
placement of the tunnel structure in the x, θ, and r

directions and the x − r and x − θ planes, respectively, and
ω is the frequency. By substituting the form of equation (2)
into equations (1a)–(1e), the vibration equation of the
tunnel structure based on the theory of moderately thick
cylindrical shells can be deduced by omitting the addi-
tional terms:

[g][l]U +[K]q � 0. (3)

In equation (3), [K] and [g] are diagonal matrices of
order 5, [l] is a coefficient matrix of order 5,
U � (U, V, W,Φ,Ψ)T, and q � (qx, qθ, qr, mx, mθ)

T, where
the elements of each matrix are as follows:

K11 � K22 � K33 �
1
K

, K44 � K55 �
− 1
D

,

g11 � cos(nθ)exp[i(ωt − kx)],

g22 � sin(nθ)exp[i(ωt − kx)],

g33 � cos(nθ)exp[i(ωt − kx)],

g44 � cos(nθ)exp[i(ωt − kx)],

g55 � sin(nθ)exp[i(ωt − kx)],
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(4)

3. Equation of Motion of Soil

If it is assumed that the soil around a tunnel is a homo-
geneous and isotropic linearly elastic medium, the equation
of displacement for any point within the soil mass can be
represented by the followingNavier equation of motion [30]:

(λ + μ)∇∇ · u + μ∇2u + ρsf � ρs

z
2u

zt
2 . (5)

In equation (5), u � (ur, uθ, ux)T is the displacement vector
of the soil mass, f is the vector of body forces,
λ � 2vsGs/(1 − vs), and μ � Es/2(1 + vs) are the Lamé con-
stants of the medium (where Gs is the shear modulus, Es is

Young’s modulus, and vs is Poisson’s ratio), ρs is the density of
themedium, and∇ is the Hamilton differential operator. In this
case, the only body forces acting are those due to gravity;
however, because the desired solution relates to vibration about
an equilibrium position, these are ignored, and f is corre-
spondingly set to zero.

If the soil around the tunnel structure is assumed to be a
homogeneous and isotropic viscoelastic medium, the con-
stitutive equation is represented by the Voigt-Kelvin
equation for viscoelastic materials:

sij � 2μeij + 2η
deij

dt
, (6)
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where sij and eij represent deviatoric stress and deviatoric
strain, respectively, μ is the shear modulus, and η is the
coefficient of viscosity. If equation (6) is used to replace the
constitutive equation of a linear elastomer sij � 2μeij, the
equation of motion of the soil mass can be expressed as

(λ + μ)∇∇ · u + μ∇2u + ρsf � ρs

z
2u

zt
2 . (7)

In equation (7), λ � λ + λ(z/zt), μ � μ + μ(z/zt),
λ � − (2/3)η, μ � η, and (z/zt) represents the first partial
derivative of the function with respect to time t.

According to the Stokes-Helmholtz vector decomposition
theorem, the wave equation (7) can be solved by making use of
the scalar potentialΠ and the vector potentialΩ, and hence the
displacement vector field can be expressed as follows:

u � ∇Π + ∇ × Ω, (8)

where Π and Ω satisfy the following wave equations, respec-
tively, in which cp and cs are the longitudinal wave velocity and
shear wave velocity, respectively, in the soil medium.
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)e Laplace equation for equation (9) above in a cy-
lindrical coordinate system can be expressed as
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where ex, eθ, and er are unit vectors in the principal di-
rections of the cylindrical coordinate system, and Ωx, Ωθ,
and Ωr are the components of Ω. Using the decomposition
of equation (8), the components of the displacement of the
soil medium can be expressed as
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)e wave propagation solutions of the wave equation
that satisfy equation (9) can be expressed as

Π � f(r)cos(nθ)exp[i(ωt − kx)],

Ωr � − igr(r)sin(nθ)exp[i(ωt − kx)],

Ωθ � − igθ(r)cos(nθ)exp[i(ωt − kx)],

Ωx � gx(r)sin(nθ)exp[i(ωt − kx)].

(12)

)ese represent harmonic solutions in the same way as
those used in the analysis of the cylindrical shell, but now there
are also variations with the radius r, which are governed by the
functions f, gr, gθ, and gx, respectively. Here,ω is the frequency
in the complex domain, of which the real part is the vibration
frequency and the imaginary part is related to attenuation.
Substitution of the solutions expressed by equation (12) into
equation (9), making use of the definitions expressed by
equation (10) and considering each component of the equation
inΩ in turn, results in the four following differential equations:
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(13)

According to the property of gauge invariance [31],
defining gr � − gθ and substituting into the second and third
forms of equation (13) give

d2gr

dr
2 +

1
r

 
dgr

dr
  −

(n + 1)
2

r
2 −

ω2

c
2
s

− k
2

  gr � 0. (14)
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)e first and fourth forms of equation (13) are modified
Bessel equations of order n, and equation (14) is a modified
Bessel equation of order (n + 1). From the boundary
conditions at an infinite distance, f, gr, gθ, and gx are
expressed as

f(r) � AWn ξ1r( ,

gr(r) � − gθ(r) � BWn+1 ξ2r( ,

gx(r) � CWn ξ2r( ,

(15)

where A, B, and C are undetermined constants; Wn and
Wn+1 represent a third class of Bessel functions of orders n
and n + 1, respectively; and ξ1 �

����������
ω2/(c2p − k2)


and

ξ2 �
����������
ω2/(c2s − k2)


are the radial components of the lon-

gitudinal wave number and the shear wave number in the
soil medium, respectively.

By substituting equations (12) and (15) into equation
(11), expressions for axial, tangential, and radial displace-
ments can be obtained:

ur � ξ1AWn
′ ξ1r(  − kBWn+1 ξ2r(  +

n

r
CWn ξ2r(  cos(nθ)exp[i(ωt − kx)],

uθ � −
n

r
AWn ξ1r(  − kBWn+1 ξ2r(  − ξ2CWn

′ ξ2r(  sin(nθ)exp[i(ωt − kx)],

ux � − ikAWn ξ1r(  + iξ2BWn+1′ ξ2r(  + i
n + 1

r
BWn+1 ξ2r(  cos(nθ)exp[i(ωt − kx)].

(16)

From the relationship between stress and strain, ex-
pressions for stresses σ in the soil medium can be obtained:

σrr

σrθ

σrx
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(17)
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4. Vibration Control Equation of Tunnel in
Viscous Soil

It is assumed that, on the contact surface, the surface dis-
placement of the tunnel structure (cylindrical shell) is equal
to that of the soil medium. When r � R + (h/2),

U cos(nθ)exp[i(ωt − kx)] +Φ cos(nθ)exp[i(ωt − kx)] ·
h

2
� ux|r�R+(h/2),

V sin(nθ)exp[i(ωt − kx)] + Ψ sin(nθ)exp[i(ωt − kx)] ·
h

2
� uθ|r�R+(h/2),

W cos(nθ)exp[i(ωt − kx)] � ur|r�R+(h/2).

(18)

By substituting equation (16) into equation (18), the
displacement conditions expressed by the matrix for vis-
coelastic medium can be obtained:

Q11 Q12 Q13
Q21 Q22 Q23
Q31 Q32 Q33

⎛⎝ ⎞⎠

r�R+(h/2)

A
B
C

⎛⎝ ⎞⎠ � U +
h

2
Φ V +

h

2
Ψ W 

T

,

(19)

where Q11 � − ikWn(ξ1r), Q12 � iξ2Wn+1′(ξ2r) + i(n + 1/r)

Wn+1(ξ2r), Q13 � 0, Q21 � − (n/r)Wn(ξ1r), Q22 �

− kWn+1 (ξ2r), Q23 � − ξ2Wn
′(ξ2r), and Q31 � ξ1Wn

′ (ξ1r),

Q32 � − kWn+1(ξ2r), Q33 � (n/r)Wn(ξ2r). According to
the continuous condition of the force on the contact surface,
the force F exerted by the soil medium on the outer surface
of the tunnel structure can be determined as follows:

Fx Fθ Fr( 
T

� σrx|r�R+(h/2) σrθ|r�R+(h/2) σrr|r�R+(h/2)( 
T
.

(20)

By substituting equation (17) into equation (18), the
following continuous conditions can be obtained:

F �

Fx

Fθ
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where α11 � − 2iμkξ1Wn
′(ξ1r), α12 � iμ [(k2 − (n + 1/r2))

Wn+1(ξ2r) + ξ2(n + 1/r)Wn+1′(ξ2r) + ξ22Wn+1″(ξ2r)], α13 �

− iμk(n/r)Wn(ξ2r), α21 � 2μ[(n/r2)Wn(ξ1r)− (n/r)ξ1 Wn
′

(ξ1r)], α22 � μ[(n + 1/r)kWn+1(ξ2r) − kξ2Wn+1′(ξ2r)], α23 �

μ[(ξ2/r)Wn
′(ξ2r) − (n2/r2)Wn(ξ2r) − ξ22Wn

″(ξ2r)], α31 �

(λ + 2μ)ξ21 Wn
″(ξ1r) + λ(ξ1/r)Wn

′(ξ1r) − λ((n2/r2) + k2) Wn

(ξ1r), α32 � − 2μkξ2Wn+1′(ξ2r), α33 � 2μ[(n/r)ξ2 Wn
′(ξ2r)

− (n/r2)Wn(ξ2r)], and [g′] � diag g11 g22 g33 .
Substituting equation (19) into equation (21) gives

F � g′ [α][β]U′, (22)

where U′ � (U + (h/2)Φ, V + (h/2)Ψ, W)T, [α] �

α11 α12 α13
α21 α22 α23
α31 α32 α33

⎛⎜⎝ ⎞⎟⎠

r�R+(h/2)

and [β] �

β11 β12 β13
β21 β22 β23
β31 β32 β33

⎛⎜⎝ ⎞⎟⎠ �

Q11 Q12 Q13
Q21 Q22 Q23
Q31 Q32 Q33

⎛⎜⎝ ⎞⎟⎠

− 1r�R+(h/2)

. By extending F, [g], [α], [β],

and U′ in equation (22), we can obtain

F � [g][α][β][h]U. (23)

In equation (23), F � (Fx, Fθ, Fr, 0, 0)T, U � (U, V,

W,Φ,Ψ)T, [α]5×5 �
α 03×2

02×3 02×2
 , [β]5×5 �

β 03×2
02×3 02×2

 ,

[h]5×5 �
I3 h0I2
02×3 02×2

 , Ik is the identity matrix of order k,

and h0 � (h/2).
In accordance with equation (23) for the continuous

condition of the force on the contact surface, the force
exerted by the soil medium on the surface of the tunnel can
be determined by the translation of force:

q � [h]
T
F � [h]

T
[g][α][h]U. (24)

By substituting equation (24) into equation (3), the vi-
bration control equation of a tunnel structure in viscous soil
based on the theory of moderately thick shells can be
obtained:

[l] +[K][h]
T
[α][β][h] U � 0. (25)

For the nonzero solution of equation (25), the deter-
minant of its coefficient matrix must be equal to zero, and
thus the dispersion characteristic equation for the vibration
characteristics of the tunnel can be obtained:

[l] +[K][h]
T
[α][β][h]



 � 0. (26)
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5. Numerical Results

5.1. Boundary Conditions. In this paper, the simplified
boundary conditions in the form of solid supports at both
ends of the tunnel are selected for calculation. )e pa-
rameters of the tunnel are selected as follows: E� 50GPa,
]� 0.3, ρ� 2500 kg/m3, h� 0.25m, R� 2.75m, λ� 28.8GPa,
and μ� 19.2 GPa. )e parameters of the soil around the
tunnel are chosen as follows: Es � 400MPa, vs � 0.35, and
ρs � 1960 kg/m3. )e viscosity coefficient of the soil is
denoted by η and has units of Pa·s.

In accordance with the simplified treatment of boundary
conditions in the case of cylindrical shells in an infinite flow
field [1], the boundary conditions at both ends of the tunnel
are approximately treated as solid beams in this paper, and it
is considered that the wave number for waves propagated in
the axial direction is related to the boundary conditions at
both ends of the cylindrical shell. )e tunnel is represented
in simplified form as a cylindrical shell with fixed supports at
both ends, and hence kL � (2m + 1)π/2, wherem is the axial
mode number. From the wave number k and the circum-
ferential mode number n, the characteristic equation (26)
can be used to calculate the frequency of the cylindrical shell
under different modes (m, n) in the complex domain. Here,
the circular frequency ω is a complex number, of which the
real part represents the natural vibration frequency of the
tunnel and the imaginary part is related to attenuation.
Circular frequency ω and frequency f satisfy ω � 2πf, where
f is a complex number, f � fR + ifIm, the real part fR
represents the vibration frequency of the tunnel, and the
imaginary part fIm is related to attenuation. To assess the
influence of soil viscosity on attenuation at the vibration
frequency of the tunnel structure, the attenuation coefficient
η∗ is introduced and is defined as

η∗ � exp 2π ·
fR

fIm
 . (27)

5.2. Effect of Soil Viscosity on Frequency of Tunnel Structure.
Figure 2 shows the variations in the natural frequency of
each mode at different soil viscosities. When η� 0, the
viscous soil around the tunnel becomes isotropic and lin-
early elastic. With an increase in η, the natural frequencies of
the tunnel structure are reduced. )e results show that the
influence of a viscous soil medium on the vibration char-
acteristics of the tunnel structure is mainly manifested as the
influence of additional mass.

Figure 3 shows the variations in the attenuation coefficient
η∗ of the tunnel for each mode at different soil viscosity. )e
attenuation coefficient increases significantly with an increase
in soil viscosity. )is indicates that viscous soil surrounding
the tunnel has a strong influence on energy dissipation. In
addition, with an increase in soil viscosity, the attenuation
coefficient increases to a significantly greater extent for the
high-order modes than for the low-order modes, which ex-
plains why vibrations at the natural frequency of the tunnel, as
shown in Figure 2, are attenuatedmore significantly in the case
of high-order modes at high viscosity.

5.3. Effect of Tunnel Radius on Frequency of Tunnel Structure.
In order to analyze the influence of the tunnel radius on the
natural vibration frequency of the tunnel structure under the
influence of viscous soil, other calculation parameters remain
unchanged, while the tunnel radius is varied, and the viscosity
coefficient of the soil mass is defined as η� 1.0×106Pa·s.

As shown in Figure 4, the natural frequency of the tunnel is
basically the same at the same axial mode number m for each
mode. With an increase in the tunnel radius, the natural fre-
quency of the tunnel for each mode slight increases. Figure 5
shows the attenuation curves for each mode corresponding to
Figure 4. At the same axial mode number, the attenuation
coefficient for a high circumferential mode number is higher
when the tunnel radius is less than 0.3m.On the whole, it can be
seen that the radius has little influence on the natural frequency
of the tunnel.
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Figure 2: Relationship between natural frequency of the tunnel and
changes in soil viscosity for different modes.
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Figure 3: Relationship between attenuation coefficient and
changes in soil viscosity for different modes.
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5.4. Effect of Tunnel Wall @ickness on Frequency of Tunnel
Structure. Figure 6 shows the variations in the natural fre-
quency of the tunnel structure at different wall thicknesses.
Except for the tunnel wall thickness, the calculation parameters
are the same as those given in Section 5.1, and η� 1.0×106 Pa·s.
As shown in Figure 6, with an increase in wall thickness, the
natural frequency of the tunnel for each mode decreases. All
modes with the same axial mode number m have basically the
same natural frequency and exhibit the same variation trend.
When the tunnel wall thickness is at least 0.3m, the natural
frequency of the tunnel for higher circumferential modes is
lower at the same axial mode number. Figure 7 illustrates the
variations in attenuation due to the tunnel structure at different
wall thicknesses for each mode. )e attenuation coefficient
increases with an increase in tunnel wall thickness. When the
tunnel wall thickness is at least 0.25m, the attenuation of each
mode increases with an increase in tunnel wall thickness, and at
the same axial mode number the attenuation coefficient for a

high circumferential mode number is higher. )is indicates
that in a viscous soil medium the influence of an increase in
tunnel wall thickness on the natural vibration frequency of the
tunnel structure is mainly caused by an increase in the gen-
eralized mass of the tunnel.

5.5. Effect of Tunnel Length on Frequency of Tunnel Structure.
Figures 8 and 9 show the variations in the natural frequency of
the tunnel and attenuation due to the tunnel structure at dif-
ferent tunnel length. Except for the length of the tunnel, the
calculation parameters are the same as those given in Section
5.1, and η� 1.0×106Pa·s. Under the influence of coupling with
viscous soil, the natural frequency of the tunnel and attenuation
due to the tunnel significantly decrease with an increase in
tunnel length, and at the same axial mode number the natural
frequency of the tunnel for a high circumferentialmode number
is lower. As shown in Figure 9, with an increase in tunnel length
the attenuation due to the tunnel tends to be constant. )is
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Figure 5: Relationship between attenuation and changes in the
tunnel radius for different modes, where η� 1.0×106 Pa·s.

45

40

35

30

25

20

15

Tu
nn

el
 v

ib
ra

tio
n 

fre
qu

en
cy

 f R
 (H

z)

0.20 0.25 0.30 0.35 0.40
Tunnel wall thickness h (m)

m = 1, n = 2
m = 1, n = 3

m = 2, n = 2

m = 2, n = 3

m = 3, n = 2 m = 3, n = 3

Figure 6: Relationship between natural frequency of the tunnel and
tunnel wall thickness for different modes, where η� 1.0×106 Pa·s.
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η� 1.0×106 Pa·s.
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indicates that in a viscous soil medium the effect of an increase
in tunnel length on the natural vibration frequency of the tunnel
structure is mainly caused by decrease in the generalized
stiffness of the structure.

5.6. Effect of Tunnel Depth on Frequency of Tunnel Structure.
In this paper, the change of soil modulus is used tomeasure the
buried depth of the tunnel, and the influence of buried depth
on vibration frequency of the tunnel is studied. Except for the
modulus of soil, the calculation parameters are the same as
those given in Section 5.1, and η� 1.0×106Pa·s. As shown in
Figure 10, with an increase in the modulus of soil, the natural
frequency of the tunnel for each mode increases. All modes
with the same axial mode number m have basically the same
natural frequency and exhibit the same variation trend. Fig-
ure 11 shows the attenuation curves for each mode

corresponding to Figure 10. It can be considered that, with the
increase of the buried depth of the tunnel, the influence of soil
media on the vibration characteristics of the tunnel structure is
mainly the influence of additional stiffness.

6. Conclusions

In this paper, the vibration control equation for the coupling
of a tunnel and viscous soil is established by using the theory
of moderately thick cylindrical shells and the method of
wave propagation and representing the soil around the
tunnel in simplified form as an isotropic viscoelastic me-
dium. )e effect of a viscous soil medium on the natural
vibration frequency of the tunnel structure is mainly
manifested as the effect of additional mass. For each mode,
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and the modulus of soil, where η� 1.0×106 Pa·s.
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the natural frequency of the tunnel structure decreases with
an increase in the viscosity of the soil around the tunnel, and
attenuation increases with an increase in soil viscosity.
Higher modes are more sensitive to soil viscosity than are
lower modes.

In a viscous soil medium, the natural frequency of the
tunnel structure decreases with the increase of tunnel wall
thickness, tunnel length, and tunnel buried depth. When the
tunnel radius is large, the natural frequency of the tunnel
structure slightly increases with an increase in the tunnel
radius.
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