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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

2 Advances in Materials Science and Engineering



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
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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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