
 

1. Introduction 

Ice damage is receiving increasing attention from engineering 

and academic communities [1−3]. The interaction between ice 

and structure mainly includes two types: dynamic and static. Dy-

namic action refers to the impact of ice on the structure in move-

ment, while static action mainly refers to the effect of expansion 

[4] or contraction of ice cover due to temperature changes on the 

structure [5,6]. Lake ice is basically stationary. The thermal ex-

pansion effect of freshwater ice is stronger than that of sea ice 

[7]. Water measurements in Russia and Canada have shown that 

if the salinity exceeds 3%, ice will not expand at temperatures 

above −10°C. If the salinity exceeds 1%, it will not expand 

above −7°C. It is generally believed that the ice thermal expan-

sion in Jilin Province causes ice damage to structures such as 

reservoir embankments and slope protection in early to mid-

February, and it usually occurs in early to mid-March in Hei-

longjiang Province. In practical engineering, ice damage to pile 

foundations of structures in still-water in cold regions often oc-

curs at the end of November when the thickness of ice cover is 

about 30−40 cm, far from reaching the maximum one. For ex-

ample, a certain lake wharf in Daqing uses a precast concrete 

pipe pile foundation with a diameter of 400 mm, which is a type 

of small diameter pile. At the end of November 2017, some pile  
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Abstract 

Ice damage is receiving increasing attention in engineering. In practice, the occurrence time of ice damage to small-diameter 
pile structures in cold regions is different from traditional knowledge. Given the crucial impact of temperature on ice thermal 
expansion, simulating the temperature field of ice cover is of great significance. Based on actual engineering simulations of 
ice cover temperature, the propagation and amplitude attenuation characteristics of temperature waves are analysed. The one-
dimensional heat conduction equation is discretized using the Crank-Nicolson method (time step Δt = 60 s, spatial step 
Δz = 0.01 m) and implemented in MATLAB R2023a. According to the temperatures in Daqing, three typical warming pro-
cesses are selected for fitting, and two ice cover thicknesses are combined to simulate six working conditions. The results 
show that the temperature field inside the ice cover changes under different working conditions, and the thickness of the ice 
cover and the temperature rise time have a significant impact. During cooling, the temperature inside the ice cover still rises, 
affecting thermal expansion stress. The results can provide an important basis for the prevention and control of ice damage 
to small diameter piles. 
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Nomenclature 

a ‒ thermal diffusivity, m2/s 

c ‒ specific heat, kJ/(kg K) 

h ‒ thickness of ice cover, m 

k ‒ thermal conductivity, W/(m K) 

t ‒ time, s 

T – temperature, K 

z ‒ depth perpendicular to the surface of the ice cover, m 

 

Greek symbols 

Δ – step (time in s, spatial in m)  

 – dynamic viscosity, Pas  

ρ – density of ice, kg/m3  

ωr – angular frequency of temperature fluctuations, rad/s  

 

foundations at the wharf were damaged due to tilting or pile head 

breakage. This ice damage of the pile foundation is different 

from the existing understanding. 

The thermal expansion characteristics of ice have thermal 

properties of ice and the mechanical properties caused by the 

force generated by the volume change of ice [8]. Temperature 

plays a decisive role in the thermal expansion of ice [9,10]. 

Therefore, when considering the interaction between ice and 

structure, it is necessary to simulate and study the temperature 

and stress fields of ice cover [11,12]. Based on practical engi-

neering, the temperature field of the ice cover is simulated and 

verified. Recent studies have emphasized critical differences in 

thermal expansion between freshwater and saline ice. For in-

stance, salinity > 1‰ inhibits expansion above −7°C [7], while 

freshwater ice generates significant thermal stress under similar 

conditions [13]. This study addresses the gap in low-salinity en-

vironments by analysing ice damage mechanisms in static fresh-

water systems such as Daqing Lake. 

2. Materials and methods  

Temperature changes of ice cover are influenced by various fac-

tors such as temperature, water temperature, air convection, and 

solar radiation, forming a constantly changing temperature field. 

Due to the uncertainty of factors such as solar radiation and air 

convection, it is difficult to accurately describe the temperature 

field of ice cover [14]. However, the reason for temperature 

stress is the distribution of the temperature field of ice cover and 

its changes over time and space. As the external temperature 

changes, the temperature of the ice cover decreases with increas-

ing depth. Assuming that the ice cover is a homogeneous me-

dium, the distribution of its temperature T with depth z can be 

approximately described by a one-dimensional heat conduction 

equation [15] 

 
𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) = 𝜌𝑐

𝜕𝑇

𝜕𝑡
, (1) 

or 

 𝑎
𝜕2𝑇

𝜕𝑧2 =
𝜕𝑇

𝜕𝑡
, (2) 

where ρ is the density of ice, taken as 917 kg/m3; k is the thermal 

conductivity, taken as 2.2 W/(m·K); c is the specific heat taken 

as 2.1 kJ/(kg·K); t  time; T  temperature [16]; z is the depth 

perpendicular to the surface of the ice cover [17], and a is the 

thermal diffusivity. 

We assume that the temperature at the ice/atmosphere inter-

face is consistent with the atmospheric temperature and changes 

harmonically and periodically over time. The temperature at the 

ice/water interface is 0℃, and h is the thickness of the ice cover. 

The thermal expansion problem mainly focuses on the heating 

process, and the boundary conditions can be described as fol-

lows: 

 ice/atmosphere interface (z = 0): 

 𝑇(0, 𝑡) = 𝑇0 + 𝑇𝑟 𝑠𝑖𝑛(𝜔𝑟𝑡), (3) 

 ice/water interface (z = h): 

 𝑇(ℎ, 𝑡) = 0, (4) 

 the initial temperature field is a linear distribution: 

 𝑇(𝑧, 0) =
𝑇𝑑−𝑇𝑠

ℎ
𝑧 + 𝑇𝑠, (5) 

where Ts is the initial surface temperature, h is the ice thickness, 

and Td is the temperature at the depth h. 

Neglecting the transient time-varying term in the general so-

lution, the steady-state solution of Eq. (2) is as follows: 

 𝑇(𝑧, 𝑡) = 𝑇0 + 𝑇𝑟 𝑒𝑥𝑝 [−𝑧 (
𝜔𝑟

2𝑎
)

1/2

] 𝑠𝑖𝑛 [𝜔𝑟𝑡 − 𝑧 (
𝜔𝑟

2𝑎
)

1/2

],(6) 

where T(z,t) is the temperature variation with depth z and time t; 

T0 is the median of the highest and lowest temperatures; Tr is the 

amplitude of temperature change, and ωr is the angular fre-

quency of temperature fluctuations, rad/s. 

According to the above equation, the speed at which temper-

ature waves propagate into the interior of the ice cover is 

(2aωr)1/2. When a is constant, the higher the frequency, the faster 

the propagation speed. The temperature fluctuation amplitude is 

 𝑇𝑟 𝑒𝑥𝑝 [−𝑧 (
𝜔𝑟

2𝑎
)

1/2

],  

indicating that the higher the frequency, the faster the tempera-

ture decays with depth. 

We assume that the skin depth z0 of the ice cover represents 

the depth at which the temperature effects are attenuated by 

a factor 1/e [18] 

 𝑧0 = (
2𝑎

𝜔𝑟
)

1/2

. (7) 

The skin depth z0 is a function of ωr, and its relationship is 

shown in Fig. 1. When the temperature fluctuation period is  

12 h, the frequency is 1.45×10−4 rad/s and the skin depth is  

0.126 m; when it is 24 h, the frequency is 7.27×10−5 rad/s and 

the skin depth is 0.178 m; when it is 36 hours, the frequency is 
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4.85×10−5 rad/s and the skin depth is 0.218 m; when the temper-

ature fluctuation period is 48 h, the frequency is 3.64×10−5 rad/s 

and the skin depth is 0.252 m; when is 72 h, the frequency is 

2.42×10−5 rad/s and the skin depth is 0.308 m; when it is  

96 hours, the frequency is 1.82×10−5 rad/s and the skin depth is 

0.356 m; when it is 144 hours, the frequency is 1.21×10−5 rad/s 

and the skin depth is 0.436 m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
To facilitate numerical calculations and consider the influ-

ence of transient terms, the Crank-Nicolson method is used to 

discretize the heat conduction equation with a time step of ∆t 

and a spatial step of ∆z. 

For the time derivative ∂T/∂t, the central difference scheme 

is used for approximation: 

 
𝜕𝑇

𝜕𝑡
≈

𝑇𝑖
𝑛+1−𝑇𝑖

𝑛

𝛥𝑡
. (8) 

For the spatial derivative, take the average of the current time 

step n and the next time step n+1. 

 
𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) ≈

𝑘

2𝛥𝑧2[(𝑇𝑖+1
𝑛 − 𝑇𝑖

𝑛) + (𝑇𝑖−1
𝑛 − 𝑇𝑖

𝑛) +  

 +(𝑇𝑖+1
𝑛+1 − 𝑇𝑖

𝑛+1) + (𝑇𝑖−1
𝑛+1 − 𝑇𝑖

𝑛+1)]. (9) 

Introducing the variable α = kΔt/[2ρc(Δz)2] and substituting 

the above approximation into the heat conduction equation, we 

have: 

 −α𝑇𝑖+1
𝑛+1+(1+2α) 𝑇𝑖

𝑛+1−α𝑇𝑖−1
𝑛+1=α𝑇𝑖+1

𝑛 +(1−2α) 𝑇𝑖
𝑛+α𝑇𝑖−1

𝑛 .  

(10) 

MATLAB program is developed with an ice cover thickness 

of h = 0.3 m, T0 = −5℃, Tr = 4℃, Ts = −5 ℃, and Td = −1℃. 

The duration of the temperature rise is t = 4.5 h, followed by  

a decrease in temperature. The above parameter settings are con-

sistent with Ref. [11]. Fig. 2 shows the time variation curve of 

ice cover temperature along the depth profile, and the calculated 

results are consistent with Ref. [11]. During the continuous tem-

perature rise process, the temperature inside the ice cover con-

tinues to rise. The increase in surface temperature is significant, 

while the increase in temperature along the depth of ice gradu-

ally decreases. After the temperature starts to decrease, the sur-

face temperature decreases, while the temperature continues to 

rise at a certain depth inside the ice. After the surface tempera-

ture began to decrease for 2.5 h, the overall temperature inside 

the ice cover began to decrease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although ice is modelled as homogeneous, natural ice may 

exhibit porosity or salinity gradients. Sensitivity analysis con-

firms that for freshwater ice with a thickness of 0.4−1.2 meters 

(salinity<0.5‰), the temperature field prediction error caused 

by heterogeneity is less than 5%, which is consistent with the 

conditions of Daqing Lake [19]. 

3. Results and discussion 

Daqing is located in the western part of Heilongjiang Province, 

in the northern part of the central depression of the Songliao Ba-

sin [19]. The urban area is located between 124°19′−125°12′ E 

and 45°46′−46°55′ N. The average annual temperature is 5.5°C. 

The month with the lowest temperature over the years is Janu-

ary, with an average temperature of −17.4°C. The hottest month 

in history was July, with an average temperature of 25.1°C.  

Figure 3 shows the hourly atmospheric temperatures in Daqing 

from November 15 to 30, 2017.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are three typical changes in atmospheric temperature. 

Heating process (1): from 8 a.m. to 2 p.m., the temperature in-

creased continuously from −16°C to −10°C for 6 h; Heating pro-

cess (2): from 8 a.m. to 5 p.m., the temperature increased con-

tinuously from −10.9°C to −0.1°C for 9 h: Heating process (3): 

influenced by southwest warm air, the temperature continuously 

 

Fig. 2. Time variation of the temperature profile  

along the depth inside the ice cover. 

 

Fig. 1. Relationship between temperature fluctuation period  

of ice/atmosphere interface and the skin depth. 

 

Fig. 3. Atmospheric temperature changes in Daqing  

from November 15 to 30, 2017. 
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increased from −19.9°C to 1.6°C for 41 h. Considering that the 

maximum temperature of the ice cover is 0°C, harmonic fitting 

is performed on three typical variations, as in Table 1 [20].  

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the temperature rise curves of the three typi-

cal variations. Figure 4 shows three empirically observed warm-

ing processes in Daqing (November 2017), which are applicable 

to harmonic functions implemented under boundary conditions: 
short-term warming (6 hrs, ΔT = 6°C) representing the influence 

of sun, medium-term warming (9 hrs, ΔT = 10.8°C) reflecting 

weather changes, and long-term warming (41 hrs, ΔT = 19.9°C) 

caused by warm air advection. These events were selected be-

cause:  

1. they represent the actual heat that causes ice damage,  

2. their duration-amplitude combination controls the penetra-

tion of ice thermal stress. 

According to the results, ice damage to small diameter piles 

in Daqing occurred at the end of November, when the thickness 

of ice cover was about 0.3−0.4 meters. The maximum annual ice 

thickness in Daqing was about 1−1.2 meters. Therefore, two 

types of ice cover thickness are compared and analysed with the 

ice cover thicknesses of 0.4 m and 1.2m. 

According to the changes in atmospheric temperature and ice 

cover thickness, the working conditions are combined for anal-

ysis. Six working conditions are combined as shown in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

Figure 5 shows the calculation results of the spatiotemporal 

temperature changes inside the ice cover under different operat-

ing conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Parameters for temperature changes on the surface of ice cover.  

Process, № 
T0,  
°C 

Tr,  
°C 

Ts,  
°C 

Td,  
°C 

tduration, 
h 

ωr,  
rad/s  

Heating 
process (1) 

−16 6 −16 0 6 7.27×10−5 

Heating 
process (2) 

−10.9 10.8 −10.9 0 9 4.85×10−5 

Heating 
process (3) 

−19.9 19.9 −19.9 0 41 1.06×10−5 

 

 

Fig. 4. Typical temperature curve. 

Table 2. Working condition combination. 

Process, № Ice cover thickness (1) Ice cover thickness (2) 

Heating process (1) operating mode (1) operating mode (2) 

Heating process (2) operating mode (3) operating mode (4) 

Heating process (3) operating mode (5) operating mode (6) 

 

a)  b)  c)  

d)  e)  f)  

Fig. 5. Spatiotemporal variation of temperature inside the ice cover with ice depth: a), b), c), d), e), f)  

– operating mode (1), (2), (3), (4), (5), (6), respectively. 
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From Fig. 5, the temperature field at the initial moment 

(t = 0 h) varies linearly with the increase of ice depth, assuming 

that the heat transfer of ice cover is sufficient. Assuming that the 

surface temperature of ice cover changes with the temperature, 

while the lower surface of ice cover is affected by the water tem-

perature and remains constant. The temperature field inside the 

ice cover changes nonlinearly. 

When the thickness of ice cover is 0.4 m, there are different 

degrees of changes in the temperature field inside the ice cover 

in operating modes (1), (3), and (5). The longer the duration of 

temperature rise, the greater the amplitude of internal tempera-

ture field changes. In operating mode (5), when the temperature 

increases continuously for 41 h, the temperature field of the ice 

cover is roughly evenly distributed. In this case, the thermal ex-

pansion stress of the ice cover should be high. However, as the 

strength of ice decreases with increasing temperature, its stress 

field distribution is complex and will be analysed later. 

When the thickness of the ice cover is 1.2 m, the temperature 

field inside the ice cover has different changes in operating 

modes (2), (4), and (6). When the temperature rises continuously 

for 6 h, the changes in the temperature field inside the ice cover 

are mainly concentrated in the upper 2/3 depth of the ice cover. 

The temperature change of the ice cover is not significant, 

around 1/3 of the thickness of the surface between the ice cover. 

As the duration of temperature increases, the range of tempera-

ture field changes inside the ice cover gradually expands. When 

the temperature rises continuously for 9 h, the temperature 

change range extends downward by about 20 K. When the tem-

perature rises continuously for 41 h, the temperature field within 

the entire ice cover will change. When the surface of the ice 

cover begins to cool, the temperature inside the ice cover further 

increases, which will also affect the thermal expansion stress of 

the ice. This also explains the phenomenon that the maximum 

thermal expansion force generally does not occur on the surface 

of the ice cover where the temperature rises the most, but rather 

at a certain location inside the ice cover [14]. Based on the above 

analysis of temperature, when the temperature rises continu-

ously for a long time and the thickness of the ice cover is small, 

the temperature field inside the ice cover changes significantly, 

with a wide range of impacts and drastic spatiotemporal 

changes, indirectly explaining the cause of ice damage to small-

diameter piles at the end of November. 

4. Conclusions 

The temperature field of ice cover is influenced by multiple fac-

tors such as temperature and water temperature, and its changes 

are complex. Through one-dimensional heat conduction equa-

tion simulation, it is known that the propagation speed and am-

plitude attenuation of temperature waves inside the ice cover are 

frequency dependent. In practice, such as ice damage of a small 

diameter pile at the Daqing Lake wharf, the temperature field 

inside the ice cover changes nonlinearly during the heating pro-

cess. Different thicknesses of ice cover (0.4 m and 1.2 m) and 

the duration of temperature rise have a significant impact on it. 

This characteristic is closely related to ice damage, where tem-

perature rise leads to ice cover expansion, and uneven changes 

in the temperature field cause internal stress changes, which are 

important factors causing ice damage to small-diameter piles. 

The simulation results show that when the surface of the ice 

cover cools, the internal temperature of the ice cover will still 

rise, which leads to the redistribution of thermal expansion stress 

of the ice. This discovery deepens the understanding of the 

mechanism of ice damage and provides a key theoretical basis 

for precise prevention and control of ice damage to small-diam-

eter piles. 

The results will help optimize the design and construction 

plans of small-diameter pile structures in cold regions, and im-

prove their resistance to ice damage. Future research can explore 

the distribution of stress of ice cover, improve prediction models 

of ice damage, provide more comprehensive and accurate guid-

ance for engineering practice, and promote the development of 

ice damage prevention and control technologies. 
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