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Abstract Thermophysical properties of frozen soil have a great influ-
ence on the quality of cast-in-place concrete piles. In this paper, the embed-
ded concrete temperature monitoring system is used to test the variation
law of the concrete temperature during the construction of the bored pile.
Thermophysical properties of permafrost around piles are tested. Based on
the theory of three-phase unsteady heat conduction of soil, the influence
of specific heat capacity, thermal conductivity, thermal diffusivity, and la-
tent heat of phase transformation on the temperature change of a concrete
pile is systematically studied. The thermal parameter is obtained which
exerts the most significant influence on the temperature field. According
to the influence degree of frozen soil on pile temperature, the order from
high to low is thermal conductivity, thermal diffusivity, latent heat of phase
change, and specific heat capacity. The changes in pile wall temperature
caused by the change of these properties range between 2.60–10.97◦C, 1.49–
9.39◦C, 2.16–2.36◦C, and 0.24–3.45◦C, respectively. The change percentages
of parameters vary between 35.77–47.12%, 12.22–40.20%, 12.46–32.25%, and
3.83–20.31%, respectively. Therefore, when designing and constructing con-
crete foundation piles, the influence of the thermal conductivity of frozen
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soil on concrete pile temperature should be considered first. The differences
between the simulated and measured temperature along the concrete pile
in the frozen soil varying with the respective thermal properties are: –2.99–
7.98◦C, –1.89–4.99◦C, –1.20–1.99◦C, and –1.76–1.27◦C. Polyurethane foam
and other materials with small thermal conductivity can be added around
the pile to achieve pile insulation.

Keywords: Thermal properties of frozen soil; Temperature of the cast-in-place concrete
pile; Negative temperature environment; Ice-rich permafrost; Heat conductivity coeffi-
cient

Nomenclature
C – volumetric heat capacity, J/(m3K)
c – specific heat capacity, J/(kg·K)
d – test time, day
h – position of measuring point in the pile, m
L – volumetric latent heat of phase change, kJ/m3

L′ – latent heat of phase change, kJ/kg
Q – heat of hydration, kJ/kg
s(t) – freezing and thawing boundary position of soil over time
T – temperature, K
Tg – boundary temperature, K
W – single-side concrete cement content, kg/m3

Greek symbols

a – thermal diffusivity, m2/s
ρ – density of concrete, kg/m3

ρd – dry density of soil, kg/m3

λ – thermal conductivity, W/(m·K)
ω – water content, %

Subscripts

f – freezing state
u – unfreezing (thawing)

1 Introduction

Daxinganling and Xiaoxinganling in the northeast of China belong to the
degraded island permafrost region with an area of about 216 600 km2 [1].
In the construction of highway projects, the basic bridge cast-in-place pile
is widely used. After the cast-in-place pile is poured, the concrete dissipates
heat and exchanges heat with the surrounding soil. The negative tempera-
ture environment of the surrounding soil affects the formation of concrete
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strength [2–4], which influences the quality of the concealed project and
causes potential safety hazards. The thermal and physical properties of
frozen soil are the main subject of frozen soil research. Frozen soil in neg-
ative temperature affects the quality of pile formation by acting on the
temperature field of concrete piles. Therefore, it is necessary to find the
thermophysical parameter that has a great impact on the concrete pile. It
is beneficial to improve the pile foundation design and construction scheme
and improve the project quality.

Some progress has been achieved in the study of the thermophysical
properties of frozen soil and the temperature field of pile foundations. Yu
et al. [5] analyzed the influence of the temperature of casting concrete on
structural temperature stress. The temperature field change and thermal
stress change were obtained at different ages of hardening under different
temperatures of casting concrete. And the control measures of the temper-
ature of casting concrete were proposed during mass concrete pouring. Li
and Sun studied the influence of concrete hydration heat on the temper-
ature field of a pile foundation in a high-temperature permafrost area [6].
The results of the study indicated that the refreezing time could be reduced
and the construction period could be shortened by adding fly ash, slag, and
other admixtures into the concrete because this method could lower the
temperature of casting concrete [7–9]. Other researchers analyzed the dis-
tribution law of the temperature field of the asphalt pavement structure of
the old cement pavement. Along the depth of the pavement, the temper-
ature, daily range, temperature gradient, and rate of temperature change
were nonlinear distributions. And there is a phenomenon that the ampli-
tude of change decreases and the stage of the change lags [10,11]. According
to the basic principles of thermology and the needs of structural design, by
taking a bridge in Shanghai as the object, Liu and Geng examined the influ-
ence of basic thermal parameters on the temperature field and temperature
effect of concrete structures [12]. They focused on the effect of the radiation
absorption coefficient and the surface heat exchange coefficient. By taking
a concrete box beam as an example, some researchers used meteorological
parameters to calculate and analyze the sunshine temperature field. And
the vertical temperature difference distribution was obtained according to
the calculation of temperature field fitting [13–15]. Cai conducted computa-
tional research on indoor fire environment and temperature field of concrete
structures [16]. Daghsen et al. designed a universal model for solar radia-
tion (exergy) accounting based on a case study in Tunisia [17]. Based on
the thermophysical properties of cement mud and the temperature value of
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micropiles, Alekseev and Zorin established 02erical models. They studied
the interaction between bored micropile and permafrost, then analyzed the
strength of micropile [18]. Fajobi et al. [19] and Zhang et al. [20] studied
the section internal temperature distribution of a newly proposed regener-
ative energy storage pile foundation system. The thermal conductivity of
concrete, the specific heat capacity of concrete, the size of the pile foun-
dation, and other parameters were considered. Xiao et al. [21] analyzed
the response of the temperature cycle to temperature change, cycle, and
different water content of the soil-concrete interface.

Former researchers studied the influence of certain factors on the tem-
perature field, and the research on the temperature of casting concrete and
meteorological conditions is relatively mature. As for the study of thermal
and physical properties, most of them are limited to the use of thermo-
physical parameters as the modeling conditions. And the final goal is to
investigate the temperature field or strength and mechanical properties of
the pile foundation. However, there is little research on the influence of
thermophysical parameters of frozen soil on the temperature field of pile
foundations. This paper refers to the influence of the thermophysical pa-
rameters of the concrete box girder and suspension bridge main cable super-
structure on the temperature field [22–24]. And it focuses on the research of
the specific heat capacity, thermal conductivity, thermal diffusivity, phase
change latent heat, and other thermophysical parameters of the frozen soil
under the negative temperature environment. At the same time, the tem-
perature influence degree of the cast-in-place concrete pile after pouring
will be discussed. So, it can provide a reference for improving the design
and construction of the pile foundation.

2 Experimental study on the temperature field
of foundation pile in the construction stage

2.1 The main contents of the field study and the choice
of the test site

The test site is located in Mohe County, Heilongjiang province, at the
south-eastern edge of the permafrost region of Eurasia and the northern-
most part of China. The east longitude is 121◦07′–124◦20′, the northern
latitude is 52◦10′–53◦33′, and the average elevation is 550 m [25]. The site
has a developed water system, and rich wetland resources, with a total
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area of 3935 ha. There is continuous permafrost, with a thickness of 50–
100 m [26,27]. The average annual temperature is about –5.5◦C. The lowest
temperature is –52.3◦C, and the highest temperature is 38.9◦C. The aver-
age annual precipitation is 460.8 mm, and the annual average icing period
is 7 months [28]. In the past 50 years, the temperature in the Mohe area has
increased by 0.357◦C every 10 years, and the warming trend is obvious [29].

The test site is located between pile no. 10 and pile no. 11 of the
K424+380 newly-built permafrost bridge in the Zhangling-xilingji section
of the national highway from Beijing to Mohe. The geological soil layer and
the type of frozen soil were determined by field sample drilling and indoor
geotechnical tests [20–22], as shown in Fig. 1.

Figure 1: Map of the geological soil layer of the test site (unit in m).

This study demonstrates the influence of thermophysical properties of frozen
soil on the temperature of the concrete cast-in-place pile body in a negative
temperature environment. A test pile with a diameter of 1.4 m and a length
of 11.5 m was poured at the test site on October 31, 2017. The ordinary
C30 concrete commonly used in this area was used, and the mixing ratio of
cement/fly ash/sand/gravel/water was 1/0.290/2.762/3.373/0.545. When
heat transfer occurred between the hydration heat release of the pile and the
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permafrost around the pile after pouring concrete, a temperature detection
system was set up at the test pile to dynamically monitor the temperature
changes. And the influence of permafrost on the pile foundation is analyzed.

2.2 Experimental research program and implementation

With the help of a parallel temperature measuring line, the temperature
of the concrete pile wall is observed. The temperature measuring line is
the same length as the pile, both of which are 11.5 m. In order to place
temperature sensors in each layer of soil as far as possible, 13 tempera-
ture sensors are placed at unequal intervals. This is based on the geological
survey drawings of the design institute and the distance between adjacent
sensors ranging from 0.55–1.30 m. The first temperature is at a depth of
0.2 m below the surface. The temperature measuring line is located at the
pile wall 0.1 m from the pile-soil interface. The vertical profile of the sensor
temperature observation system is shown in Fig. 2. The temperature mon-
itoring system began to collect temperature data from the piling day, and
the observation period was from October 31, 2017 to November 29, 2017,

Figure 2: The vertical profile of pile wall temperature measuring points (unit in m).
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lasting for 30 days. According to the instructions of the National Meteoro-
logical Science Data Center on the statistical method of the daily value of
ground temperature [31], the data collected 4 times a day (at 02:00, 08:00,
14:00, 20:00) were used to calculate the daily average.

The temperature monitoring system is composed of the lower and the
upper computers. The system structure is shown in Fig. 3. The lower com-
puter includes a temperature sensor, a temperature acquisition module,
a power supply control module, a wireless transceiver module, and a fully
sealed box. According to the pre-set time of the temperature acquisition
module, the lower computer is used to collect the ground temperature data.
And the data is transferred to the upper computer through the GPRS (gen-
eral packet radio service) point-to-point wireless transmission system. The
upper computer includes the computer and data-receiving platform. Its
function is to receive data and process the data to generate a text file. By
setting the data acquisition time of the temperature acquisition module, the
temperature can be monitored dynamically. This is the biggest advantage
of this intelligent monitoring system. In the continuous low-temperature
environment in winter, this monitoring system can use an independent so-
lar energy power supply system to ensure the continuity and stability of
the temperature acquisition module.

Figure 3: Schematic diagram of temperature monitoring system structure.

As shown in Fig. 4, the temperature sensor uses a JMT-36C resistive tem-
perature sensing element. A three-layer sealing protection waterproof pro-
cess is adopted. And the outermost layer uses stainless steel shell for protec-
tion and sealing. The temperature measurement range is –40◦C to +150◦C,
the sensitivity is 0.1◦C, and the accuracy is ±1◦C. According to the sensor
layout scheme, each temperature measuring wire with a single-head ther-
mistor is bound one by one to the main bar of the reinforcing cage with
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Figure 4: Internal structure of temperature sensor.

insulation and waterproof adhesive tape. And it is poured into the concrete
pile together with a reinforcing cage. The elements of measuring system are
shown in Fig. 5. The shape of the circle standing on the ground is the rein-
forcement cage, and the red binding line on the ground is the temperature
measurement line.

Figure 5: Arrangement of the measuring system elements.

The temperature acquisition module is the core of the intelligent temper-
ature observation system. It integrates the main control chip, clock, large-
capacity data storage, wireless transmission module, power interface, data
interface, rechargeable battery, etc. The temperature acquisition module
can work independently. According to the set measurement start time and
interval time to ensure the continuity and non-loss of data, it can automat-
ically complete the measurement and store it in the memory. The power



The influence of thermophysical properties of frozen soil on the temperature. . . 29

control module consists of two parts, a solar panel and an external accu-
mulator. When the capacity of the external accumulator is insufficient, the
rechargeable battery built into the temperature acquisition module can con-
tinue to measure regularly. A mobile phone card is installed in the wireless
transmission module to realize the function of remote data transmission.

2.3 Experimental study on temperature field of concrete

Figure 6 shows the curves of temperature changing with time in the refreez-
ing process in each measuring point at the pile wall after pouring the pile.
It can be seen from the figure that the temperature change of the concrete
pile has gone through two main stages: the temperature rising period of
the hydration heat release pile body and the refreezing stage of the pile
body when the permafrost around absorbs heat. In the first stage, with
the massive heating of concrete hydration, the pile wall temperature rises
in a negative temperature environment. The rate of rise varies at different
depths, and the peak temperature is different. The temperature rise rate
of the No. 10 measuring point at the depth of 7.4 m is the highest, with an
average daily temperature increase of 4.7◦C in 2 days, and 4.0◦C in 3 days.
This is because the moisture content of the gravel layer located at the mea-
suring point is as low as 0.7%, which is less than that of other soil layers.
On the one hand, when the concrete starts to hydrate and release heat,
and the permafrost is melting around the pile, the free water in the pores
of the boulder soil is permeated by gravity into the strongly weathered tuff

Figure 6: The temperature curve of the pile wall.
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with larger pores. On the other hand, the capillary water in the boulder soil
moves up into the silty soil along the fine pores under the action of surface
tension. At the same time, since the silty soil layer is a soil-containing ice
layer, the frozen water is far greater than the underlying cryo-rich soil layer.
Thus, under the action of the gravity of soil particles and molecules, the
bound water in the unfrozen water in the gravel soil (cryo-rich soil layer)
constantly migrates to the frozen area (soil-containing ice layer). That is,
the bound water migrates to the silty soil. The movement of these water
molecules eventually results in the moisture content of the boulder layer
being lower than that of the overlying and underlying soil layers, and even
lower than that of other non-adjacent cohesive soil layers. The temperature
rise of the No. 1 and No. 2 measuring points near the surface is negative
due to the influence of the external atmospheric environment. And the
temperature drop of the No. 1 measuring point is the fastest. The other
measuring points are in the state of temperature rise. The peak tempera-
ture reached by each temperature measuring point is 15.7◦C at the highest,
which is generated on the third day in the No. 10 measuring point. The
peak temperature in 2 days is 14.5◦C and it is produced in the No. 6 mea-
suring point at the depth of 4.10 m. In the second stage, the heat release
of concrete hydration is less than the heat absorption of the frozen soil
around the pile, and the temperature of the pile body gradually decreases.
The cooling rate of the No. 6 measuring point at a depth of 4.10 m is the
largest, followed by the No. 4 measuring point at a depth of 2.65 m. The
daily cooling amounts of the two are 3.8◦C and 3.6◦C, respectively. By 20
days, the negative temperature begins to appear at the No. 5 measuring
point at a depth of 3.2 m. By 30 days, the temperature of each measuring
point is below 0.1◦C.

The law of temperature changing with the depth at different measuring
points is divided into two types. The first one involves the No. 1 measuring
point at a depth of 0.20 m, which is most disturbed by external meteoro-
logical conditions, and the temperature change there is basically the same
as the temperature change trend of the day. The other category covers the
measuring points located below 2.65 m that are almost no longer affected by
the atmospheric environment. At those points the temperature first rises
and then falls, reaching the peak temperature on the 3rd day. And the
nature of temperature change is very similar.

The temperature in the measuring points near the interfaces of different
types of soil layers generally fluctuates slightly. For example, the No. 9 mea-
suring point at a depth of 6.10 m is located near the interface between the
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silty soil layer and the gravel soil layer. The temperature at this measuring
point on the 3rd day is 13.9◦C, while the temperatures measured on the
same day at the No. 8 and No. 10 points adjacent to it are 14.2◦C. The
No. 11 measuring point at a depth of 8.5 m is located near the interface
between the round stone and the strongly weathered tuff. The temperature
at this measuring point on the 3rd day is 13.4◦C, while for the No. 10 and
No. 12 measuring points adjacent to it, the temperatures on the same day
are 15.7◦C and 15.3◦C, respectively. In the negative temperature environ-
ment, the temperature value at the interface of the soil layer is generally
slightly lower than that of the center measuring point of the adjacent soil
layer, which is easy to produce errors. In order to reduce the measurement
error caused by the location of the temperature measuring point, this paper
selects the temperature value of the measuring point located at the center
of each soil layer for research. Therefore, measuring points 2, 4, 6, 8, and
10 are selected as the following research object.

3 Thermophysical parameter analysis model

This paper establishes a two-dimensional model (Fig. 7), which is 14.0 m
deep and 11.4 m wide. It is divided into 6 layers: the cumulosol layers
between 0 and 2.1 m, and between 3.4 and 5.0 m, the ice layer between 2.1

Figure 7: Pile foundation and geological model (unit in m).
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and 3.4 m, the muddy layer between 5.0 and 6.3 m, the round stone layer
between 6.3 and 8.7 m, and a strong weathering tuff layer between 8.7 and
14.0 m. The pile length is 11.5 m and the pile diameter is 1.4 m. The model
has 127 202 units and 258 596 nodes.

3.1 Thermal property test of soil

The dry density and water content shall be determined by the combined
method of frozen soil density. Specific heat capacity, thermal conductivity,
and thermal diffusivity are measured by the ISOMET-2104 heat transfer
analyzer [33]. The latent heat of phase change can be calculated after the
actual measurement of unfrozen water content. In the model, the change
of the latent heat of phase change is characterized by the change in the
initial ground temperature. The ice-related data can be obtained from the
relevant literature [6]. The geotechnical parameter data of frozen soil such
as dry density, water content, specific heat capacity, thermal conductivity,
and thermal diffusivity are shown in Table 1.

Table 1: Geotechnical parameters

Soil layer

Dry
density
of frozen

soil
(kg/m3)

Water
content
(%)

Specific heat
capacity

Thermal
conductivity

Thermal
diffusivity

(J/kg·K) (W/m·K) ×10−6 (m2/s)
freeze thaw freeze thaw freeze thaw

Cumulosol 300 282.5 1339.0 1259.8 3.41 1.45 2.21 1.00

Ice layer 470 124.5 2090.0 4217.7 2.21 0.56 1.17 0.13

Cumulosol 1170 69.1 1121.8 1046.6 3.41 1.45 1.54 0.70

Mucky soil 1040 58.1 1024.2 715.0 2.02 1.48 1.20 1.25

Roundstone 1830 19.8 680.4 485.6 2.07 1.55 1.39 1.46

Strong weathering tuff 2220 10.7 642.3 639.3 3.66 1.57 2.32 1.00

3.2 Establishment of the thermophysical analysis model

3.2.1 Soil control equation

When the permafrost is in a frozen state, the moisture in the soil con-
denses into ice and there is very little flowing water. Thus, the convection
heat transfer between the surface of the soil particles and the flowing wa-
ter can be ignored. When the frozen soil is in a thawing or semi-thawing
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state, the water in the soil changes from solid to liquid phase, and the
latent heat of the ice-water phase transition releases (or absorbs) a large
amount of heat. The convective heat transfer between the soil and water is
insignificant [25].

In soil, heat conduction is more effective than convective heat transfer.
Thus, convection heat transfer can be ignored, and only heat conduction
and ice-water phase transition are considered. The heat transfer process
can be divided into two states: the freezing state and the thawing state,
which may be described by the equations, respectively:

Cf
∂Tf
∂t

= ∂

∂x

(
λf
∂Tf
∂x

)
+ ∂

∂y

(
λf
∂Tf
∂y

)
, (1)

Cu
∂Tu
∂t

= ∂

∂x

(
λu
∂Tu
∂x

)
+ ∂

∂y

(
λu
∂Tu
∂y

)
, (2)

where the subscripts f and u represent the freezing state and thawing states,
respectively. Parameter T stands for the temperature, C is the volumetric
heat capacity of the soil, and λ stands for its thermal conductivity.

The ice-water phase change process s(t) can be expressed as:

Tf [s(t), t] = Tu [s(t), t] = Tm , (3)

λf
∂Tf
∂n

− λu
∂Tu
∂n

= L
ds(t)
dt

, (4)

where Tm represents the temperature of the freeze-thaw interface, t denotes
time, and ∂/∂n is the derivative in a direction that is outwardly normal
(perpendicular). Quantity L stands for the latent heat per unit volume,
and it can be calculated as follows [6]:

L = ρdL
′ (ω − ωu) , (5)

where L′ is the latent heat of water, which usually takes 333.7 kJ/kg, ρd is
the dry density of soil, ω is the water content, and ωu is the unfrozen-water
content.

3.2.2 Pile foundation control equation

In concrete hydration, adiabatic temperature rise in pile foundation at t
after concrete pouring can be expressed as follows:

T (t) = WQ

cρ

(
1 − e−kt

)
, (6)
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where W is single-side concrete cement content, Q is the heat of hydration
per kilogram of cement, ρ is the concrete density assumed at 2400 kg/m3,
and c is the specific heat of concrete ranging between 0.92 and 1.00 kJ/(kg·K)
[25]. Here, it takes 0.96 kJ/(kg·K). Parameter k is the adjustment coeffi-
cient of hydration heat of admixture with different dosage, whose value is
available in the range of 0.2–0.4. Time (t) in Eq. (6) is expressed in days.

3.2.3 Boundary condition

According to meteorological data of the Mohe region [11], the boundary
temperature of the natural surface can be described by

Tg = 5.35 − 40.015 cos 2π(t− 105)
365 . (7)

The initial temperature of frozen soil at the bottom and lateral boundary
of the model is –3◦C. The initial temperature of concrete is 10◦C. The unit
of time (t) is expressed in days, and the unit of temperature (Tg) is ◦C.

3.3 Validity of thermal analysis model

The temperature profile is used to verify the model (Figs. 8 and 9). In Fig. 8,
the red area on the left is a higher-temperature area, the right (dark blue)
is a lower-temperature area, and between them is a temperature gradient
area. It can be seen from Fig. 9 that on November 3, 2017 and November 7,
2017, the maximum temperature difference between the two dates is 0.84◦C

Figure 8: The pile-soil temperature field after pouring
concrete for 3 days (unit in K).
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and 0.62◦C, respectively. The simulation results are in agreement with the
measured results, and the model calculation results are reliable.

Figure 9: Experimental verification of pile wall simulation temperature: a) November 3,
2017, b) November 7, 2017.

4 The influence of frozen soil thermophysical
properties on the temperature field
of pile foundation

As can be seen from Fig. 6, the temperature reaches the maximum when
concrete is poured for 3 days. In the present work, the pile-soil three-phase
heat conduction model has been utilized. It considers the factors of frozen
soil including specific heat capacity, thermal conductivity, thermal diffusiv-
ity and latent heat of phase change. Based on this, the impact of thermo-
physical properties of frozen soil on the temperature field of the foundation
pile is analyzed.

4.1 Specific heat capacity

According to the references, the specific heat capacity of frozen soil ranges
from 0.71–4.22 kJ/(kg·K) [31,32]. Therefore, the values of specific heat ca-
pacity applied in the model are 0.7, 1.0, 2.09, 3, and 4.22 kJ/(kg·K). As
can be seen from Fig. 10, when the specific heat capacity increases from
0.7 to 4.22 kJ/(kg·K), the temperature of the concrete pile wall in different
soil layers decreases. From the top cumulosol layer (h = 1.05 m) to the
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shallow depth in the strongly weathering tuff layer (h = 9.80 m), the pile
wall temperature corresponding to each soil layer decreases from 6.20◦C,
11.04◦C, 15.98◦C, 14.67◦C, 16.90◦C, 17.00◦C to 5.96◦C, 10.46◦C, 14.85◦C,
13.58◦C, 14.33◦C, 13.55◦C. The temperature reductions are 0.24◦C, 0.58◦C,
1.13◦C, 1.09◦C, 2.57◦C, 3.45◦C, respectively, accounting for the changes of
about 3.83%, 5.26%, 7.05%, 7.42%, 15.22%, 20.31%. It can be seen that
the greater the depth of the pile body, the greater the proportion of the
decrease in the pile wall temperature.

Figure 10: The variation of pile wall temperature with the change
in specific heat capacity.

As the specific heat capacity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall
at different depths decreases. It can be seen from Fig. 11 that when spe-
cific heat capacity is at the lower limit of 0.7 kJ/(kg·K), the temperature
difference of the pile wall at different measuring points shows an increasing
trend as the depth increases. The temperature difference values are 0.47◦C,
1.21◦C, and 1.70◦C, respectively, of which those obtained for adjacent cu-
mulosol layer and mucky layer (Fig. 11, h = 4.10 m and h = 5.55 m) are
very close. The difference between the maximum and minimum value of
temperature difference is 1.6◦C. For the specific heat capacity increased to
4.22 kJ/(kg·K), the temperature difference is just opposite to the initial
value of temperature difference, i.e. it becomes a negative value. That is,
the maximum value appears in the top cumulosol layer, whereas the min-
imum value appears in the strongly weathering tuff layer at the largest
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Figure 11: The variation of the temperature difference between the
simulated and measured temperature of the pile wall with
the change in specific heat capacity.

burial depth. The difference between the maximum and minimum value
of temperature difference is 1.62◦C. With increasing depth the tempera-
ture difference decreases to –0.14◦C, –0.34◦C, –0.65◦C, –0.62◦C, –1.37◦C,
–1.76◦C, respectively.

4.2 Thermal conductivity

The value of thermal conductivity of frozen soil ranges from 0.18–3.79
W/(m·K) [5, 29], while that of ice ranges from 0.08–2.21 W/(m·K) [27].
Therefore, the values of thermal conductivity considered in the model are
0.08, 1.0, 2.21, 3.0, and 4.0 W/(m·K), respectively. As can be seen in
Fig. 12 that when thermal conductivity increases from 0.08 W/(m·K) to
4.0 W/(m·K), wall temperature of the concrete pile in different soil lay-
ers decreases. From the upper cumulosol layer (h = 1.05 m) to the shal-
low depth in the strongly weathering tuff layer (h = 9.80 m), the pile
wall temperature corresponding to each soil layer decreases from 7.49◦C,
13.66◦C, 20.09◦C, 18.52◦C, 22.79◦C, 23.28◦C to 4.89◦C, 8.90◦C, 13.10◦C,
11.89◦C, 12.87◦C, 12.31◦C, respectively, and the temperature drops are
2.60◦C, 4.76◦C, 6.99◦C, 6.62◦C, 9.92◦C, and 10.97◦C, respectively, account-
ing for the changes of about 34.68%, 34.83%, 34.80%, 35.77%, 43.53%,
47.12%. It can be seen that the greater the depth of the pile body, the
greater the proportion of the decrease in the pile wall temperature.
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Figure 12: The variation of pile wall temperature with the change
in thermal conductivity.

As the thermal conductivity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall at
different depths decreases. As is demonstrated in Fig. 13 when the thermal

Figure 13: The variation of the temperature difference between the
simulated and measured temperature of the pile wall
with the change of thermal conductivity.
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conductivity is at the lower limit of 0.08 W/(m·K), the temperature differ-
ence at different measuring points shows an increasing trend as the depth
increases. The temperature difference values are 1.39◦C, 2.86◦C, 4.59◦C,
4.32◦C, 7.09◦C, and 7.98◦C, respectively, of which the temperature differ-
ences obtained for the adjacent cumulosol layer and mucky layer (Fig. 13,
h = 4.10 m and h = 5.55 m) are very close. The difference between the
maximum and minimum value of temperature difference is 6.59◦C. With
an increase in thermal conductivity, the temperature difference of the pile
wall decreases. When thermal conductivity increases to 4.0 W/(m·K), the
temperature difference value is just opposite to the initial temperature dif-
ference value. That is, the maximum value appears in the upper cumulosol
layer, and the minimum value appears in the strongly weathering tuff layer
at the largest burial depth. The difference between the maximum and min-
imum temperature difference is 1.78◦C. Compared with the initial temper-
ature difference (6.59◦C), the difference is reduced by 4.81◦C. It can be
seen that with increasing thermal conductivity, the difference in the tem-
perature difference of the pile wall measured at each depth is narrowing.
The temperature difference decreases with the depth to –1.21◦C, –1.90◦C,
–2.40◦C, –2.31◦C, –2.83◦C, –2.99◦C, which means the decreases by 2.60◦C,
4.76◦C, 6.99◦C, 6.62◦C, 9.92◦C, and 10.97◦C, respectively.

4.3 Thermal diffusivity

Thermal diffusivity is the ratio of thermal conductivity to volumetric heat
capacity. For frozen soil in a frozen state, it ranges from 0.139 × 10−6 m2/s
to 0.783 × 10−6 m2/s. In the thawing state, it varies between 0.172 × 10−6

and 1.531 × 10−6 m2/s [5, 29]. In the model, the values of 0.1 × 10−6,
0.4 × 10−6, 0.8 × 10−6, 1.2 × 10−6, and 1.6 × 10−6 m2/s were applied.
The results in Fig. 14 show that with the increase of thermal diffusivity
from 0.1 × 10−6 m2/s to 1.6 × 10−6 m2/s, the temperature of the con-
crete pile wall in different soil layers decreases. From the upper cumulosol
layer to the shallow surface of the strongly weathering tuff layer, the pile
wall temperature corresponding to each soil layer decreases from 7.93◦C,
12.18◦C, 17.71◦C, 17.69◦C, 20.69◦C, 23.35◦C to 4.96◦C, 10.69◦C, 14.75◦C,
12.87◦C, 13.81◦C, 13.96◦C, respectively. The temperature reductions are
2.97◦C, 1.49◦C, 2.96◦C, 4.82◦C, 6.88◦C, 9.39◦C, respectively, which amount
to about 37.46%, 12.22%, 16.71%, 27.23%, 33.24%, 40.20%, respectively. It
can be seen that from the ice layer (h = 2.65 m) to the highly weather-
ing tuff layer (h = 9.80 m), the greater the depth of the pile body, the
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greater the proportion of the decrease in the pile wall temperature. Near
the surface, the temperature drop of the pile wall is greater than that in
the ice layer and beneath it. Thus, the proportion of temperature decrease
is greater. It is larger than that of the ice layer, cumulosol layer, and mucky
layer beneath it. And it is only slightly smaller than that of the strongly
weathering tuff layer.

Figure 14: The variation of pile wall temperature with the change
of thermal diffusivity.

As the thermal diffusivity increases, the temperature difference between
the simulated temperature and the measured temperature of the pile wall
at different depths decreases (Fig. 15). When the thermal diffusivity is at
the lower limit of 0.1 × 10−6 m2/s, except for cumulosol at the surface,
the temperature difference of the pile wall increases with the depth. The
maximum temperature difference of 8.05◦C is predicted in the strongly
weathering tuff layer (h = 9.80 m), and the minimum of 1.38◦C in the ice
layer (h = 2.65 m). With an increase in thermal diffusivity, the temperature
difference of the pile wall decreases at each measuring point. For the largest
considered thermal diffusivity, of 1.6 × 10−6 m2/s, the maximum temper-
ature difference appears in the ice layer, which is –0.24◦C. The minimum
temperature difference appears in the muddy layer, i.e. at a measuring point
depth of 7.40 m, and it is –1.89◦C. The drop in temperature difference in-
creases with the depth, and for successive measuring points it amounts to
2.97◦C, 1.49◦C, 2.96◦C, 4.82◦C, 6.88◦C, and 9.39◦C, respectively.
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Figure 15: The variation of the temperature difference between the simulated and mea-
sured temperature of the pile wall with the change in thermal diffusivity.

4.4 Latent heat of phase change

The change of unfrozen-water content in each layer with temperature is
shown in Fig. 16. The fitting formulas of unfrozen water content (ωu) for
T given in ◦C corresponding to the particular soil layers are as follows:

ωu = 7.470 + 7.466T + 2.324T 2 + 0.226T 3, (R2 = 0.988), (8)
ωu = 82.225 + 47.783T + 12.907T 2 + 1.180T 3, (R2 = 0.997), (9)
ωu = 79.009 + 51.481T + 14.215T 2 + 1.311T 3, (R2 = 0.997), (10)
ωu = 17.163 + 17.057T + 5.299T 2 + 0.515T 3, (R2 = 0.988), (11)

ωu = 0.093 − 5.377
T

, (R2 = 0.995), (12)

ωu = −0.114 − 4.107
T

, (R2 = 0.995). (13)

In formulas (8)–(13), ω represents water content, T represents temperature,
and R2 represents a variable.

Substituting the unfrozen water content (Eqs. (8)–(13)) into formula
(5), the latent heat of phase change can be calculated. According to the
monitoring data of the original ground temperature, the ground tempera-
ture of each soil layer in this area from June to November remains almost
unchanged. Therefore, the ground temperature at this time is selected as
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Figure 16: The change of unfrozen water content in the soil layers
with initial ground temperature.

the initial ground temperature, ranging from –4.7◦C to 0.67◦C. The initial
ground temperature values in the model are –5.0◦C, –4.0◦C, –3.0◦C, –1.5◦C,
and –0.5◦C, respectively. The relationship between the latent heat of phase
change of each frozen soil layer and temperature is shown in Fig. 17.

Figure 17: Variation of pile wall temperature with the latent heat of phase change at
different depths.
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As can be seen from the figure, when the initial ground temperature
increases from -5◦C to -0.5◦C, the latent heat of phase change of each soil
layer varies greatly. It is the largest in the cumulosol layer closest to the
surface, as shown in Fig. 17a. Its value changes from 278.46 × 103 kJ/m3

to 282.75 × 103 kJ/m3, and the difference is only 4.29 × 103 kJ/m3. The
cumulosol layer under the ice layer at a depth of 4.10 m has the largest
value of latent heat of phase change (Fig. 17c). The minimum value is
47.55 × 103 kJ/m3 and the maximum value is 217.43 × 103 kJ/m3. The
variable quantity is 169.88 × 103 kJ/m3. The latent heat of different soil
layers has different effects on the corresponding pile wall temperature. In
the cumulosol layer at a depth of 1.05 m, the latent heat of the frozen soil
is the largest and the temperature of the pile wall is the lowest, ranging
between 4.90◦C and 7.24◦C. In November, the test site is covered with
snow, and the temperature change of the pile wall is mainly affected by
the hydration heat release of the concrete and thermophysical properties
of the soil around the pile. But it is less disturbed by surface meteorolog-
ical conditions. Therefore, the low temperature of the pile wall of the soil
layer is mainly caused by the latent heat of the phase transition of the soil.
The soil absorbs the hydration heat of the concrete and stores the internal
energy in the soil particles and the middle of ice and water. Although the
ice-water phase change and soil-water structure change occur, the temper-
ature change caused by the pile wall is very small. On the contrary, at the
depth of 9.80 m, due to the low water content of the strongly weathering
tuff layer, the latent heat of phase transition is small, varying only from
19.18 × 103 kJ/m3 to 73.84 × 103 kJ/m3. Thus, the pile wall temperature
here is as high as 15.13–17.29◦C, and it is the maximum temperature of each
soil layer. The latent heat of the phase change of the ice layer (Fig. 17b)
is between that of the surface soil layer and the shallow surface soil layer.
Its value changes from 98.58 × 103 to 165.90 × 103 kJ/m3, and the varia-
tion is only 67.32 × 103 kJ/m3. The corresponding pile wall temperature is
different from that of other soil layers. The temperature of the soil layer is
obviously higher than the one of the pile wall corresponding to the surface
soil layer. And it is also significantly lower than the pile wall temperature
corresponding to other soil layers. The temperature ranges from 10.21◦C
to 12.51◦C, but the temperature difference is similar to those predicted
for other soil layers, and it is 2.3◦C. Although the unfrozen-water content
changes little with the initial moisture content and dry bulk density in the
frozen soil [28], the latent heat of phase change is greatly affected by the
change in unfrozen water content. From the irregular change of the soil
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layer in Figs. 17a–f, the latent heat of phase change is not only affected
by temperature but is also related to multiple factors. These factors are
the water content of the soil body and the structure between the soil and
water, which is more complicated.

4.5 The comparative analysis of the influence
of permafrost thermophysical properties
on the temperature field in foundation piles

The thermophysical properties have different effects on the temperature
of concrete piles, as shown in Table 2. In the table, the influence of the
thermophysical parameters on the temperature of the concrete pile body
shows a consistent rule. It is analyzed from three aspects. The first is the
change in pile wall temperature caused by the change of a thermophysical
property. The second is the percentage change in temperature based on
the parameter values for the respective soil layer. The third is the differ-
ence between the simulated and measured temperature at each considered
point that changes with the thermophysical parameter value. The compar-
ison illustrates that thermal conductivity has the greatest impact on the
temperature of the pile body. The thermal diffusivity and latent heat of
phase change have less impact, and the specific heat capacity has the least
influence on it.

Table 2: The comparison of the influence of permafrost thermophysical properties on the
concrete pile temperature

Property Symbol Temperature
range∗ (◦C)

Percentage
change (%)

Range of
temperature
difference∗∗

(◦C)

Specific heat capacity c 0.24–3.45 3.83–20.31 –1.76–1.27

Thermal conductivity λ 2.60–10.97 35.77–47.12 –2.99–7.98

Thermal diffusivity α 1.49–9.39 12.22–40.20 –1.89–4.99

Latent heat of phase change L 2.16–2.36 12.46-32.25 –1.20–1.99

*Refers to the pile wall temperature change in the soil layer with the change of respective
property.
**Refers to the difference between the simulated and measured temperature.

Therefore, in the construction of a bridge pile foundation, it is needed to
ensure the quality of the concrete pile and reduce the rate of temperature
reduction of the pile body. Considering that the thermal conductivity of
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frozen soil has the greatest influence on the temperature field of the foun-
dation pile, this problem can be solved by adding materials with low thermal
conductivity around the pile. For example, polyurethane foam (the ther-
mal conductivity is only 0.017–0.023 W/(m·K)) and asbestos can be used.
On the other hand, the thermal conductivity of the soil increases with an
increase in the dry bulk density as well as the soil water content. And it
decreases with the increase of the dispersion of the solid particles in the
soil [27]. Therefore, in order to effectively reduce the thermal conductivity
of the frozen soil around the pile, the heat preservation of the pile body can
be achieved by replacing the soil with a small dry bulk density, moderately
increasing the dispersion of solid particles, and reducing the water content.

5 Conclusions

Aiming at the problem that the thermo-physical properties of frozen soil
have a great impact on the quality of cast-in-place concrete piles, the vari-
ation law of concrete temperature during the construction of bored piles is
studied, and some results are obtained.

• Under the negative temperature environment, the temperature change
of the concrete pile body is a dynamic process, including two stages
of temperature rise and refreezing of hydration. In the temperature
rising stage, the temperature rises fastest at a depth of 7.40 m, and
the peak temperature is the highest. The average daily temperature
rise in 2 days is 4.75◦C and the average daily temperature rise in 3
days is 4.07◦C; the peak temperature is generated on the third day
and the temperature is 15.7◦C.

• In the refreezing period, the descending speed of temperature is the
highest at a depth of 4.10 m, and the daily cooling rate is 3.85◦C. After
30 days, the temperature at each measuring point is below 0.1◦C.
Each measuring point at a depth below 2.65 m is almost no longer
affected by the atmospheric environment. The temperature first rises
and then falls, and reaches the peak value on the third day. The
change law is very similar.

• Thermophysical properties of frozen soil have different effects on con-
crete piles. According to the influence of frozen soil on the temper-
ature of the pile body, the order from high to low is the thermal
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conductivity, thermal diffusivity, latent heat of phase change, and spe-
cific heat capacity. The changes in the pile wall temperature caused
by the change of thermophysical property values of the soil are: 2.60–
10.97◦C by thermal conductivity, 1.49–9.39◦C by thermal diffusiv-
ity, 2.16–2.36◦C by the latent heat of phase change, and 0.24–3.45◦C
by specific heat capacity. The percentage changes are within 35.77–
47.12%, 12.22–40.20%, 12.46–32.25%, and 3.83–20.31%, respectively.
The corresponding differences between the simulated and measured
temperature along the pile due to the changes in the thermophysical
soil parameters are –2.99–7.98◦C, –1.89-4.99◦C, –1.20–1.99◦C, –1.76–
1.27◦C.
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