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Abstract: In the course of the construction of deep foun-
dation pits during the winter in seasonally frozen areas,
the pit wall soil is often unstable due to frost heave and
thawing settlement, which leads to hidden safety hazards
in engineering construction. Based on the analysis of the
deformation data of a pile-anchor supporting a deep
foundation pit in Harbin obtained from monitoring during
the winter, the influence of freezing and thawing cycles
was investigated. The results show that the horizontal dis-
placement in the middle of the shallow layer of the foun-
dation pit is significantly larger than that on both sides
during the freeze–thaw cycles, and the spatial effect becomes
noticeable. The stress concentration at the external corner of
the foundation pit, coupled with the effects of atmospheric
precipitation and freeze–thaw cycles, led to the maximum
growth rate of horizontal displacement up to 1.40mm·day−1.
The external corner effect is evident from 1m in the shallow
layer of the pit to the depth H/2 of the foundation pit. The
support scheme is generally feasible, and we can appropri-
ately enhance the support of the shallow layer of the founda-
tion pit during the freeze–thaw cycles. For similar projects
experiencing freeze–thaw cycles, the safety reserve can be
appropriately enhanced when carrying out support design.

Keywords: seasonally frozen areas, deep foundation pit
construction during winter, foundation pit monitoring,
freeze-thaw cycles, external corner

1 Introduction

The soil in the seasonally frozen areas often experiences
freeze–thaw cycles. Seasonally frozen soil is mainly situ-
ated in the northeast and northwest of China, North
China, and other places, and the area accounts for about
half of the land region [1]. As the temperature of season-
ally frozen soil decreases in the winter, the soil begins to
freeze. The volume of water in the soil increases by 9%
during the process of freezing into ice. When more water
participates in the freezing, frost heave will appear. As a
result, structures buried in the soil are subjected to frost
shear and frost heave forces. In the spring, as the tem-
perature rises, ice crystals in the soil melt, resulting in
excessive water content of local soil, thawing subsidence
of soil, and strength reduction [2–4]. Frost heave and
thawing subsidence are common freezing damages in sea-
sonally frozen areas, which severely impact the regional
projects and should be prevented in advance and treated
in time.

The research of a soil in a seasonally frozen area is
mainly divided into the following aspects.

The first aspect is the study of basic physical and
mechanical properties, such as porosity, water content,
and cohesion. Many scholars such as Yang et al. [5],
Wang et al. [6], Qi and Ma [7], and Wang et al. [8] studied
the effects of freeze–thaw cycles on the basic physical
and mechanical properties of cohesive soils. Xiao et al.
[9–11], Ni and Shi [12], Zhang et al. [13], Xu et al. [14–16],
and many other scholars explored the influence of free-
ze–thaw cycles on the basic physical and mechanical
properties of loess. Zhu [17] used lime to reinforce the
soil of the low embankment on the Songnen Plain, and
found that under the conditions of freeze–thaw cycles,
the best lime blending ratio is 5–7%, which can effectively
increase the strength while reducing the frost heave. Wang
et al. [18] used the layered compaction method to prepare
soil samples. Through the analysis of the results of triaxial
tests, they summarized the variation rules of cohesion and
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internal friction angle under freeze–thaw cycles. They pro-
posed the correction coefficients for cohesion and internal
friction angle under freeze–thaw cycles in seasonally frozen
areas.

Second, the constitutive relationships of seasonally
frozen soil were explored, by considering consolidation,
creep, and rheology, and constitutive models were estab-
lished. Scholars such as Zhu [19,20] and Zheng et al. [21]
conducted indoor experiments and found that small changes
in the internal temperature in the “high temperature” range
(above –2.0°C) can cause drastic changes in the compressi-
bility. Yang et al. [22] conducted tests on a high-temperature
frozen soil (temperature of –1.5 to 0°C) to explore its creep
characteristics, and verified that the Burgers viscoelastic
model can describe the creep characteristics of the frozen
soil more accurately. The multi-factor coupled constitutive
model currently represents an important research direction
[23], and Li et al. [24,25] used the principle of energy and
mass conservation along with the Clausius–Clapeyron equa-
tion to establish a coupled heat-water-deformation model for
frozen soil. Zhou and Li [26] established a thermal-hydro-
mechanical coupling model of a saturated soil based on Cla-
peyron equation, and also used the separation porosity to
judge the formation of ice lenses. Yao and Michalowski
[27] established an elastoplastic constitutive model that
can simulate the freezing and melting of a soil. The differ-
ence between this and the other thermo-hydro-mechanical
models is that this model uses a porosity function to
describe the frost heave of the soil, and the experimental
data were used to verify its accuracy. Li et al. [28] used the
principle of the conservation of energy and mass to derive
a thermo-hydro-mechanical mathematical model, and ver-
ified it with experiments.

Third, the engineering properties of soil in seasonally
frozen areas were surveyed. Wang et al. [29] monitored
the temperature of the subgrade in a heavy freezing area,
and studied and explained the mechanism of the frost
heave of the subgrade in a seasonally frozen area. Zhou
and Li [30] and Pei [31] used the Clausius–Clapeyron
equation to establish a frost heave mathematical model
considering temperature, displacement, and porosity. Mao
et al. [32] conducted the real-time monitoring of the
internal temperature and moisture of the subgrade on
the section of the Jine Highway in Heilongjiang Province,
and analyzed the law of water and heat changes and the
causes of subgrade frost heave and frost. Bai et al. [33]
established a thermo-hydro-mechanical numerical model,
used water content to judge the formation of ice lenses,
and explained the frost heave mechanism under complex
freezing paths. Zhang et al. [34] monitored the displace-
ment during the excavation of a deep foundation pit in soft

soil. It is found that the surface subsidence calculated by
the method of Hsieh and Ou is consistent with the field
monitoring data and can well describe the general trend of
surface subsidence. Shi et al. [35]monitored deep founda-
tion pits supported by piles and anchors in the northwest
region. Through the analysis of monitoring data, it is
found that under the condition of natural frost heave in
winter, the frost heave effect is most significant at the
upper 0.5m of the supporting pile. Soil frost heaving will
greatly increase the internal force of retaining piles and the
deformation of the superstructure. Li [36] monitored the
horizontal displacement and groundwater level while con-
structing a super deep foundation pit. The results show
that the changing trend of the axial force of the first layer
anchor cable with time is consistent with the change rule
of the horizontal displacement with time.

At present, research on frozen soil engineering in China
is mainly concentrated on highway and railway engineering
in high-latitude and high-altitude areas. There are relatively
few studies on the foundation pit engineering in seasonally
frozen areas, and this work mainly studies the deep founda-
tion pits in such areas. While ensuring the safety of the
project, the monitoring data were analyzed to study the
changes in displacement, spatial effect, and external corner
effect of the foundation pit support system during the soil
freezing and thawing. The design recommendations for deep
foundation pits in seasonally frozen areas during the winter
are provided.

2 Overview of the foundation pit
project

The project shown in this article was located in Harbin,
Heilongjiang Province. Harbin is the capital city in the north-
ernmost part of China. It is located between 125°42′–130°10′
east longitude and 44°04′–46°40′ north latitude. The
summer is short and the winter is long. The winter lasts
from early November to April, which is a typical freezing
season, and the daily average temperature is below 0°C for
nearly 150 days. Thus, the temperature roughly range from
–35 to 35°C, meaning that the temperature difference
reaches 70°C. At the same time, wind, snow, and rain in
the high-cold area are common. Wind and water erosion
cause great damage to the foundation pit support works.
The winter temperatures and precipitation information of
Harbin for the past 10 years are shown in Tables 1 and 2.

It can be seen from Tables 1 and 2 that since the
winter begins in Harbin every November, the temperature
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begins to drop. January of the following year is the month
with the lowest average temperature, with the daily
minimum temperature reaching –35°C. The temperature
begins to rise in February, but the overall temperature is
still low. The average temperature in April is above 0°C,
the daily maximum temperature can reach 20°C, but
there are still times when the temperature is below 0°C.
Months with heavier precipitation are November, March,
and April. In December and January, when the winter
temperature is lower, the weather is relatively dry and
the precipitation is also small.

A comprehensive analysis of the temperature and
precipitation in the winter shows that in November
each year, when the temperature drops below zero, the
water in the soil begins to freeze. At the same time, when
the amount of precipitation is larger, the water content
of the soil near the surface increases, and the water
involved in freezing is higher. In these cases, frost heave
occurs in the soil. In March and early April of the fol-
lowing year, the temperature fluctuates around 0°C
repeatedly every day, and the temperature difference

between day and night is large. When the temperature
is high during the day, the frozen soil and snow melt,
the precipitation is large, and the water content in the
soil sharply increases. At night, the temperature is low
and the moisture freezes again, the soil undergoes freeze–
thaw cycles, and its strength and rigidity are reduced.
Therefore, the displacement monitoring during these
two periods is very important.

2.1 Project overview

The deep foundation pit project was located in the pros-
perous business district of Harbin. The excavation depth
was 20.6–23.2 m; the length was 186m; and the width
was 120m. The total amount of excavation was about
310,000m3. The transportation around the foundation
pit was convenient, such that the east, south, and north
sides were adjacent to the roads, and the west side was
adjacent to 7-story residential buildings. Therewere no high-
rise and super high-rise buildings around the foundation pit,

Table 1: Monthly average temperatures (°C) in Harbin in the winter for the period from 2011 to 2020

Years January February March April November December

2011 −20.9 −11.4 −3.1 7.4 −3.5 −14.1
2012 −18.2 −12.3 −3.4 7.8 −5.2 −19.4
2013 −21.0 −16.4 −7.4 4.3 −2.6 −14.1
2014 −18.4 −15.4 −1.0 10.3 −1.9 −16.8
2015 −15.7 −11.1 −1.3 8.7 −5.0 −14.0
2016 −19.3 −11.8 0.2 7.9 −9.4 −13.3
2017 −16.5 −11.0 −1.7 9.2 −5.7 −17.0
2018 −19.4 −16.1 −3.6 9.0 −2.9 −12.9
2019 −13.1 −9.2 0.2 8.5 −5.0 −15.6
2020 −16.9 −11.4 −1.1 7.5 −3.3 −15.2

Note: These data come from the Harbin (airport) weather station.

Table 2: Total monthly precipitation (mm) in Harbin from 2011 to 2020

Years January February March April November December

2011 3.3 4.3 6.1 26.0 12.0 0.8
2012 0.0 1.7 20.0 33.0 32.0 13.0
2013 2.1 15.0 8.1 11.0 18.0 3.6
2014 0.8 1.2 1.0 6.0 1.2 11.0
2015 0.8 16.0 2.1 6.2 4.9 18.0
2016 2.3 2.9 10.0 16.0 32.0 1.9
2017 4.5 5.0 4.9 2.7 6.6 5.9
2018 6.2 4.1 11.0 26.0 16.0 4.5
2019 1.8 0.0 12.0 18.0 12.0 29.0
2020 7.0 18.0 14.0 13.0 62.0 0.7

Note: These data come from the Harbin (airport) weather station.
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whereas there were underground shopping malls on the
north and east sides.

The surrounding buildings and engineering condi-
tions around the foundation pit were different, and the
supporting levels were also different. The nearest resi-
dential building on the west side was only 4 m away. In
general, the excessive soil deformation or failure of a
supporting structure seriously affect the safety of the sur-
rounding buildings, meaning that the safety level of the
foundation pit should be a top priority. The supporting
structure of the entire foundation pit is described in Table 3,
and the supporting forms on the east and west sides of the
foundation pit are shown in Figure 1.

2.2 Geological conditions

The foundation pit was located in a plain with a flat land-
form. The soil at the construction site was mainly com-
posed of deposits. The specific composition of the soil is
shown in Table 4. Groundwater was present at the con-
struction site, and its level was deeply affected by the
change in Songhua River water level. The annual change
rangewas about 2–3m. The first water level was 25.7–27.5m
underground, and the stable water level was 24.8–27.0m
underground.

2.3 Monitoring arrangement

The scale of the foundation pit project was large and the
excavation depth exceeded 5m. Since it was in the freezing
area and the season was severely cold, the foundation pit
monitoring was combined with local engineering experi-
ence. The north, east, and south sides of the foundation
pit were adjacent to the roads. The adjacent residential
buildings were only 4m away from the nearest part of the
foundation pit. Generally, the excavation and construction
of foundation pits affect the settlement of surrounding
buildings and roads. Thus, the surrounding buildings and
roads were also monitored, except for the foundation pit
itself. The specific monitoring quantities and the number
of monitoring points are shown in Table 5, whereas the
specific layout of the monitoring points is shown in Figure 2.

3 Analysis of the monitoring
results

The winter in Harbin lasts from the end of October to the
end of April. The frost heave period lasts from the end of
October to the end of February, whereas the freeze–thaw
cycle period lasts from the beginning of March to the end

Table 3: Supporting structure of the foundation pit

Position East side South side West side North side

Support form Upper steel sheet pile Upper steel sheet pile Upper pile anchor support Single pile anchor support
Lower pile anchor support Lower pile anchor support Lower steel sheet pile

Crown beam
position

6m underground 6m underground 1 m underground 1 m underground

Figure 1: Supporting diagram of the foundation pit. (a) East side and (b) west side.
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of April. In this work, mainly the data of winter moni-
toring were analyzed.

3.1 Monitoring and analysis of the steel
sheet pile top horizontal displacement

The support forms on the east and south sides were both
the upper steel sheet pile support and the lower pile
anchor support. The adopted steel sheet pile had the
I36 section, with a total length of 16 m and an embedded
depth of 10 m. A total station was used to monitor the
horizontal displacements. The measuring points on the
top of the steel sheet pile were GB1–13, and the displace-
ment-time diagrams for each measuring point were drawn
according to the obtained data. The displacement-time
diagrams at the measuring points GB2–GB5 were used to
reflect the change in the steel sheet pile top horizontal
displacement on the east side, whereas the displace-
ment-time diagrams at the measuring points GB7, GB9,
GB10, and GB12 were used to reflect the change in the
south side. The results are shown in Figure 3.

In Figure 3, the displacement changes in time were
roughly divided into three stages.

The first stage lasted from November 11 to December
26, and represents the excavation stage of the foundation
pit. It can be seen from Figure 3 that the displacement in
this stage linearly increased in time, and that the hori-
zontal displacement and change trend at each measuring
point on the steel sheet pile top were basically the same.
The displacements at the measuring points GB4 (in the
middle of the east side) and GB10 (in the middle of the
south side) were relatively large, with a maximum of
5 mm, and the horizontal displacement growth rate was
0.11 mm·day−1. Minimum displacement at the measuring
points GB5 and GB9 located next to GB4 and GB10 was
3 mm, and the horizontal displacement growth rate was
0.07 mm·day−1.

The second stage lasted from December 27 to February
24 of the following year. It was the vacant stage of the steel
sheet piles in the foundation pit. During this time, the hor-
izontal displacement at each measuring point basically
remained stable. Horizontal displacements at themeasuring

points GB4, GB9, and GB10 did not change, the horizontal
displacement increment at the measuring point GB3 was
1mm, and the horizontal increment at the measuring points
GB2, GB5, GB7, and GB12 was 2mm. It can be seen from
Figure 1 that during this stage the temperature in Harbin
was the lowest throughout the year, i.e., it was always
below 0°C, but the freezing of the soil had no effect on
the horizontal displacement of the steel sheet pile top.

Tests showed that as long as the content of powder
and clay particles (with a particle size of less than
0.05 mm) in the coarse-grained soil was controlled within
the range of 5%, the frost heave did not occur. The soil
layer on the upper part of the foundation pit was miscel-
laneous fill with loose structure, low water content, large
particle size, and almost no powder and clay particles.
There was little water involved in freezing, and frost
heave did not occur. At the same time, heat preservation
measures were taken on the side walls of the foundation
pit, which effectively reduced the impact of the low tem-
perature environment on the steel sheet pile top hori-
zontal displacement.

The third stage lasted from February 25 to April 25.
During this stage, the steel sheet piles of the foundation
pit were still in the vacant stage. The horizontal displace-
ment of the top of the steel sheet piles linearly increased
in time, and the growth rate was larger than that of the
first stage. The maximum horizontal displacement at
the measuring point GB10 was 28 mm, the horizontal dis-
placement increment accounted for 82.14% of the dis-
placement obtained during the whole winter, and the
horizontal displacement growth rate was 0.38mm·day−1.
The minimum horizontal displacement at the measuring
point GB7 was 22mm, the displacement increase was
16mm, and the horizontal displacement increase rate
was 0.27mm·day−1. It can be seen from Table 1 that during
this period, the temperature in Harbin during the day was
above 0°C. Snowmelting on the ground surface penetrated
into the foundation pit soil through the cracks in the sur-
rounding road surface, and the lower frozen soil was not
completely melted, causing the water content of the upper
soil body to be sharp. Then, due to more water involved in
freezing, the soil heave occurred. At the same time, the tem-
perature difference between day and night was large, the soil

Table 4: Composition of the soil layers

Layer number 1 2 3 4 5 6 7 8

Type of soil layer Miscellaneous fill Silty clay Silty clay Silty clay Silty clay Medium sand Coarse sand Gravel sand
Layer thickness (m) 3.0 2.0 6.5 5.0 6.5 2.0 7.0 4.0
Weight (kN·m−3) 15.0 19.6 19.2 19.6 19.4 19.5 21.0 21.5
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was in the state of freeze–thaw cycle, its stiffness decreased,
resulting in a large increase in the steel sheet pile top hori-
zontal displacement.

3.2 Monitoring and analysis of the crown
beam top horizontal displacement

Due to the different adjacent buildings and structures
around the foundation pit, different support forms were
adopted on four sides of the foundation pit, and the posi-
tions of the crown beams were also different. On the east
and south sides of the foundation pit, the crown beam
was located 6m underground, and on the west and north
sides, it was located 1 m underground. The total station
was used for the monitoring of horizontal displacements,
the measuring points GL1–34 were placed on the crown
beam top, and the displacement-time diagrams for each
measuring point were also determined according to the
monitoring data. Among them, the displacement-time
diagrams of the measuring points GL1, GL3, and GL6
reflected the changes in horizontal displacements on
the east side, whereas the measuring points GL7, GL9,
and GL11–13 corresponded to the south side. The mea-
suring points GL16–19 were related to the west side, and
the measuring points GL26, GL27, GL29, and GL32 corre-
sponded to the north side. The displacement changes are
shown in Figure 4.

It can be seen from Figure 4 that in the winter time
period in Harbin, the displacements of the east, south
and west sides of the foundation pit varied in time, and
that the trend is similar to that of the horizontal displace-
ment of the steel sheet pile top. The horizontal displace-
ment trend of the north side only had a linear upward
phase, because the excavation of the foundation pit was
to be carried out only after the year, and the north side
was in the excavation deformation stage until April 25.

In the east, south and west sides of the foundation
pit, the horizontal displacements of the crown beam tops
on the east and west sides were larger, and the displace-
ment on the west side was smaller. The horizontal dis-
placement at the measuring point GL3 on the east side of
the foundation pit significantly increased after March 11.
On March 26, the horizontal displacement increased by
145.45%, and the horizontal displacement growth rate
was 1.07 mm·day−1. This is because the continuous rain-
fall in Harbin during this period, the water content of the
soil in the foundation pit increased, the cohesion and the
angle of internal friction decreased, the strength and stiff-
ness of the soil decreased as well, and the horizontalTa
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displacement of the soil significantly increased. Before
February 24, the horizontal displacement and increment
at the measuring points GL7 and GL9 on the south side of
the foundation pit were small, the maximum increment
reached 120% on March 11, and the maximum horizontal
displacement growth rate was 0.40mm·day−1, and the
crown beam was close to the ground (i.e., 1 m under-
ground). Therefore the attention was given to the hori-
zontal displacement of several other measuring points on
the south side on March 26. The horizontal displacement
trend at the measuring points GL11–13 was basically the

same as that of other measuring points. The west side of
the foundation pit was adjacent to residential buildings,
and the nearest was only 4m away. The measuring point
GL18 was set there, the measuring points GL17 and GL19
were set up at the external corners, and the measuring
points GL16 and GL21 were set up at the internal corners.
Before February 24, the horizontal displacement and
change trend at the measuring points on the west side
were basically the same. Afterwards, due to the large
temperature difference between day and night, the soil
experienced freeze–thaw cycles, and its strength and

Figure 2: Layout of the monitoring points.

Figure 3: Horizontal displacement diagrams of the steel sheet pile top. (a) East side and (b) south side.
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stiffness were reduced, resulting in an increase in the
horizontal displacement of the crown beam top. Since
the continuous rainfall on March 11, the horizontal dis-
placement at the measuring point on March 26 increased
by up to 175%, and the maximum horizontal displace-
ment growth rate was 0.40 mm·day−1. At the same time,
the stress concentration at the external corner caused
the most obvious increase in the horizontal displace-
ment at the measuring points GL17 and GL19, and the
maximum horizontal displacement growth rate was
1.40 mm·day−1.

Since the excavation of the northern part of the foun-
dation pit was carried out only the year later, the mon-
itoring of the horizontal displacement of the crown
beam top on the north side of the foundation pit began
on February 24. During this period, the soil was in the
state of freeze–thaw cycles, the stiffness of the soil was
greatly reduced compared with the freezing period of the
winter, and the horizontal displacement and growth rate
at each measuring point were relatively large. The mea-
suring point GL26, which was located in the middle of the
north side of the foundation pit, had the largest horizontal
displacement.

3.3 Monitoring and analysis of the
supporting structure’s deep horizontal
displacement

In addition to the monitoring of the horizontal displace-
ments of the supporting structure top, the deep horizontal
displacement of the supporting structure was also moni-
tored. The displacement at the measuring point KB1–7 was
monitored in time to reflect the horizontal displacements
at 5, 15, and 20m. The change trend is shown in Figure 5.

It can be seen from Figure 5 that during the winter
construction period, the deep displacement-time diagram
of the foundation pit is the same as the horizontal dis-
placement of the top of the steel sheet pile and the top of
the crown beam, and that it can be divided into three
stages.

The first stage lasted from November 11 to December
26, which was the excavation stage of the foundation pit.
In this stage, the displacement increased linearly in time.
At 5 m depth, the maximum horizontal displacement at
the measuring point KB3 was 7.52 mm, and the minimum
horizontal displacement at the measuring point KB2 was
5.87mm.At 15mdepth, themaximumhorizontal displacement

Figure 4: Horizontal displacement diagrams of the crown beam top. (a) East side, (b) south side, (c) west side, and (d) north side.
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at the measuring point KB1 was 9.18 mm, and the
minimum horizontal displacement at the measuring point
KB3 was 4.52mm. Finally, at the depth of 20m, the max-
imum horizontal displacement at the measuring point KB1
was 9.83mm, and the minimum horizontal displacement
at the measuring point KB2 was 7.29mm. It can be clearly
seen from Figure 5 that most of the deep horizontal dis-
placement of the foundation pit was generated during the
excavation stage. The largest horizontal displacement at
this stage, at the depth of 15m, was observed at the mea-
suring point KB1, and accounted for 85.16% of the total
horizontal displacement at the end of the winter. The
lowest, which was also at the depth of 15 m, was observed
at the measuring point KB3, and accounted for 68.07% of
the total horizontal displacement at the end of the winter.

The second stage lasted from December 27 to February
24 of the following year, which was the winter period. At
this time, the east and south sides of the foundation pit
were excavated to the bottom, and the horizontal displa-
cement of each measuring point basically remained stable
with a small increase. At the depth of 5m, the maximum
horizontal displacement increment at the measuring point
KB7 was 0.81mm, and the horizontal displacement growth

rate was about 0.014mm·day−1. At the depth of 15m, the
maximum horizontal displacement increment at the mea-
suring point KB6 was 0.90mm, and the horizontal displa-
cement growth rate was 0.015mm·day−1. At the depth of
20m, the maximum horizontal displacement increment at
the measuring point KB5 was 0.92mm, and the horizontal
displacement growth rate was about 0.015 mm·day−1.
During this time, the temperature was below 0°C, so
the heat preservation measures were undertaken, and
the bottom of the pit was also waterproofed. In these
60 days, the maximum increase in the horizontal dis-
placement of each measuring point did not reach 1 mm,
which verified that the supporting structure and thermal
insulation measures on the east and south sides of the
foundation pit effectively prevented the increase in the
horizontal displacement.

The third stage lasted from February 25 to April 25. It
was the stage of continued excavation of the foundation
pit and construction of the building foundation. The hor-
izontal displacement of each measuring point increased
linearly in time. At the depth of 5m, the maximum hori-
zontal displacement increment at the measuring point KB5
was 1.69mm, which is an increase of 24.53% compared to

Figure 5: Horizontal displacement at different depths of the supporting structure. (a) 5m deep, (b) 15 m deep, and (c) 20m deep.
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the previous stage. At the depth of 15m, the maximum
horizontal displacement increment at the measuring point
KB3 was 1.61mm, with an increase of 32.01% compared to
the previous stage. Finally, at the depth of 20m, the max-
imum horizontal displacement increment at the measuring
point KB7 was 1.54mm, which is an increase of 25.25%
compared to the previous stage. It can be seen from
Table 1 that at this stage both the temperature difference
between day and night and rainfall were large. The free-
ze–thaw cycles caused the decrease in stiffness, which
increased the horizontal displacement of the foundation
pit. Moreover, the rapid increase in the water content in

the soil caused the rheology of the soil to increase, and the
horizontal displacement of the upper part of the founda-
tion pit was significantly affected.

3.4 Monitoring and analysis of horizontal
displacement of special parts

The main road adjacent to the east side of the foundation
pit is sensitive to the deformation of the foundation pit.
Thus, the horizontal displacement on the east side of the
foundation pit is monitored. The horizontal displacement

Table 6: UCT fitting surface parameters

Monitoring points k1 k2 k3 k4 k5 k6 R2

KB1 −1.31926 0.78421 −0.03045 0.00065 −0.00042 0.09795 0.80235
KB2 −0.79789 0.57151 −0.02487 0.00068 −0.00029 0.08222 0.83765
KB3 8.06742 −1.31203 0.0508 0.00022 −0.00036 0.09328 0.85006

Figure 6: Horizontal displacement fitting surface of monitoring point. (a) KB1, (b) KB2, and (c) KB3.
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of monitoring points at different depths on the east side is
fitted every 15 days, and the following fitting formula is
given:

= + + + + +X k k H k H k HP k P k P,i 1 2 3
2

4 5
2

6 (1)

where Xi – the horizontal displacement of the monitoring
point; H – depth; and P –monitoring days.

The specific data of the fitting parameters are shown
in Table 6. Taking the depth as the X-axis, the monitoring
days as the Y-axis, and the horizontal displacement of the
monitoring point as the Z-axis, the fitting surface in the
three-dimensional space is shown in Figure 6. R2 is
greater than 0.80, and this formula has an excellent fit
effect.

The pile-anchor support structure is used on the east
side of the foundation pit. The KB3 monitoring point is
near the prestressed anchor at a depth of 15 m, and the
prestressed anchor effectively limits the horizontal dis-
placement of the foundation pit. Therefore, the horizontal
displacement of the KB3 monitoring point has a trend of
first increasing, then decreasing, and then increasing
with the increase in the depth. The monitoring points
KB1 and KB2 are located between the anchors. The hor-
izontal displacement of these two monitoring points
increases first and then decreases with the increase in
depth, then tends to be stable.

To explore the variation law of the horizontal displa-
cement of the shallow part on the east side with time, we
fit the horizontal displacement of the monitoring points
on the east side at 15-day intervals. The following fitting
equation is obtained:

= − + −

− + −

X D D
DP P

2.70045 0.25665 0.00157
0.00058 0.00158 0.08569,

S
2

2 (2)

where XS – the horizontal displacement at a depth of 1 m
on the east side of the pit. D – the horizontal distance
from the northern most point on the eastern side of the
pit. P – the number of monitoring days.

Taking the distance as the X-axis, the monitoring
period as the Y-axis, and the horizontal displacement of
the monitoring point as the Z-axis, the fitted surface in
three-dimensional space is made, as shown in Figure 7.
The formula has an excellent fitting effect with an R2 of
0.86747. It can be seen from Figure 7 that in the early
stage of pit construction, the horizontal displacement of
the shallow part in the middle of the pit is not larger than
that on both sides of the foundation pit. Hence, there is no
obvious spatial effect in the foundation pit. The shallow
soil body experience repeated freezing and thawing cycles
by March and April of the following year. At the same time,
a large amount of rainfall leads to a sharp increase in the

shallow water content of the foundation pit. Therefore, the
horizontal displacement of the shallow part in the middle
of the foundation pit increases rapidly. It is significantly
greater than the horizontal displacement of the shallow
part on both sides of the foundation pit. Then, the spatial
effect of the foundation pit becomes apparent, and the
support there can be strengthened.

The west side of the pit is adjacent to a 7-story resi-
dential building, so the shape of the foundation pit is
irregular. The external corner of the foundation pit has
a protruding surface of the soil on both sides, which is
more sensitive to horizontal displacement and prone to
local tension cracking damage, affecting the stability of
the foundation pit. The horizontal displacement of the
external and internal corners on this side is monitored,
and the results are shown in Figure 8. The measuring
point at the external corner is KB9, and the measuring
point at the internal corner is KB8. At 1 m in the shallow

Figure 7: Horizontal displacement fitting surface of west side.

Figure 8: Horizontal displacement of external corner and internal
corner.
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part of the foundation pit, the horizontal displacement of
the external corner is significantly smaller than that of
the internal corner. The support scheme at this point
effectively weakens the external corner effect. However,
in the range from 1m depth to H/2 depth of the founda-
tion pit, the displacement of the external corner is higher
than that of the internal corner, and the effect of the
external corner is obvious so that the support can be
strengthened in this part.

4 Conclusion

In this work, a deep foundation pit project in Harbin
was monitored. Through the analysis of the monitoring
results obtained during the winter, the following conclu-
sions were drawn:
1) In March and early April, the temperature difference

between day and night is large in Harbin, and the soil
is under the action of freeze–thaw cycles, which damages
the foundation pit soil structure, reduces the soil strength
and rigidity, and ultimately causes the horizontal displa-
cement of the foundation pit soil to increase rapidly
in time.

2) When the temperature in the seasonally frozen areas
rises, the snow melts and penetrates into the founda-
tion pit soil along the road cracks. The lower soil has
not yet melted, resulting in a sharp increase in the
upper soil’s water content, and the nature of the soil
becomes unstable. Attention should be paid to the
drainage of the foundation pit to prevent the instability
of the soil properties caused by snow melting.

3) The shallow soil repeatedly experiences the freeze–
thaw cycle in late winter and early spring. The hori-
zontal displacement of the shallow part in the middle
of the foundation pit is significantly larger than the
horizontal displacement of the shallow layer on both
sides of the foundation pit – the spatial effect of the
foundation pit changes from inconspicuous to obvious.
We can strengthen the support of the shallow layer of
the foundation pit to reduce the spatial impact of the
foundation pit.

4) From the shallow layer of the foundation pit 1 m to the
depth of the pit H/2, the external corner effect is
obvious, and the safety reserve can be increased
appropriately when carrying out the support design.
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