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Abstract: Pavement construction in permafrost regions is complicated by the fact that the permafrost properties are influenced by the temperature and are extremely unstable. The numerical model for runway structures in permafrost regions is applied to analyze the time–space characteristics of the temperature field and the depth of the frozen layer. The influence of the installation layer is studied to enable structural optimization of the runway. Numerical results show that the temperature stabilization depth, low- and high-temperature interlayer response ranges, and maximum depth of the frozen layer are greater in runway engineering than in highway and railway engineering. The time history curves for the pavement and natural surface are similar, and the development of freezing and thawing is approximately linear. The pavement and natural surface have similar thawing rates, but the freezing rate of the natural surface is faster than that of the pavement. The depth of the frozen layer and the time of the frozen are greater for the natural surface than for the pavement. The installation layer helps to stabilize the temperature of the subgrade and reduces the freezing and thawing rates. This study provides technical support for the design and maintenance of runways in permafrost regions.
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1  Introduction

Permafrost is an anisotropic and inhomogeneous complex structure composed of gas, water, ice, and soil [1,2]. It is sensitive to temperature, and has poor thermal stability [3,4]. Moreover, ice-water phase changes often appear in permafrost regions, leading to thawing settlement and frost heave in transportation infrastructure [5,6]. Therefore, the temperature field of transportation infrastructure in permafrost regions has been widely studied. Harlan [7] built a moisture migration model based on the water movement characteristics of unsaturated frozen soil, and incorporated the heat capacity into the heat transfer equation to establish a water-heat coupling transmission model. This water-heat coupling transmission model did not, however, include the stress field caused by changes in the temperature field and moisture field. Dempsey [8] and Noorishad et al. [9] proposed a water-heat-force coupling model for unsaturated frozen soil, providing the theoretical basis for temperature field research in permafrost regions. Mu et al. [10] then established a water-heat-force coupling model for saturated frozen soil. Masters et al. [11] analyzed the temperature field of permafrost regions based on the pore pressure and temperature, while Fortier et al. [12] considered the influence of snow in the water-heat-force coupling model and compared the temperature fields of the shoulder and subgrade in highway engineering. Sergei et al. [13] used the water-heat-force coupling model to analyze the subgrade temperature field of Russian railways, and Chen et al. [14–16] later studied the effect of gravel size, gravel thickness, and boundary on the temperature field of railway subgrade. Recently, Liu et al. [17] conducted a study of the temperature field of separated subgrade.

To understand the actual situation of transportation infrastructure, a large number of experiments have been conducted. He et al. [18–22] explored the influence of the ballast layer, gravel size and thickness, boundary, and other factors on the temperature field of frozen soils based on laboratory experiments. Harris et al. [23–28] used data measured during field tests to analyze the effects of the gravel layer, ventilation pipes, and insulation layer on the temperature field of natural foundations and highway subgrade. Niu et al. [29–33] discussed the influence of the gravel layer, ventilation pipes, insulation layer, thermal pipes, and sun shielding on the temperature of railway subgrade. In the 1960s, France, Greenland, USA, China, Norway, Canada, Russia, and Ireland built a large number of airport runways in permafrost regions. The main types include bedrock runways, filling gravel runways, installation layer runways, and thermal-pipe runways [34–36]. Such runways have high topographical and geological requirements, involve the excavation of large soil volumes at significant cost, and are difficult to replace and maintain.

Existing research on transport infrastructure in permafrost regions has tended to focus on highway and railway engineering. However, runways are wider, have a larger absorption area, and involve greater disturbance to permafrost regions than highways and railways. Furthermore, existing airport runway construction experience is helpful for small airports, but is difficult to apply more widely to larger airports. Hence, this study has established and verified a temperature model for large airports. The temperature of the natural surface and pavement was compared at different depths to analyze the steady process of subgrade temperature. Additionally, the depth of the frozen layer of the natural surface and pavement was compared at different times to study the thawing rate of permafrost runways. Optimization measures for runway structures in permafrost regions are proposed based on the changes and distribution of subgrade temperature. The research findings provide the valuable information for the design, construction, operation, maintenance, safety, and management of airport engineering in the frozen soil regions, especially for the frozen silty clay regions.

2  Hydrothermal Coupling Theory

2.1 Governing Equations

The heat balance control equations of a three-dimensional transient temperature field are established based on the following practical assumptions: (1) the pavement structure layers, natural surface, and subgrade are uniform and isotropic; (2) the boundary of each structure layer does not permit moisture migration; (3) the pavement structure layers, natural surface, and subgrade obey the energy conservation law and only include heat transfer effects [22,31]. Under these assumptions, we can write.


ρC∂T∂t=∂∂x(λ∂T∂x)+∂∂y(λ∂T∂y)+∂∂z(λ∂T∂z)
(1)

Here, T is the temperature, t is the time, λ is the thermal conductivity, ρ is the density, C is the heat capacity, and x, y, z are the rectangular coordinates.

Based on the method of sensible heat capacity, it is assumed that a phase change occurs in a certain temperature range. λ and C can be obtained by Eqs. (2) and (3) [22].


λ={λfT<Tm−ΔTλf+λu−λf2ΔTTm−ΔT≤T≤Tm+ΔTλuT>Tm+ΔT
(2)


C={CfT<Tm−ΔTL2ΔT+Cf+Cu2Tm−ΔT<T<Tm+ΔTCuT>Tm+ΔT
(3)

Here, L is the latent heat per unit volume media, λf is the thermal conductivity of frozen soil, Cf is the heat capacity of frozen soil, λu is the thermal conductivity of unfrozen soil, Cu is the heat capacity of unfrozen soil, Tm is the temperature of the phase change, and ΔT is the variation amplitude of temperature.

2.2 Boundary Conditions

There are three kinds of boundary conditions for the temperature field based on heat-conduction theories. The first boundary condition is established based on the surface temperature of the permafrost region, and is applied at the surface in numerical models. This boundary condition is written as [16]


T=T0+ΔT+asin⁡(2πt8760+b)+αt8760×30
(4)

Here, T0 is the mean annual ground temperature of the boundary layer, taken as the mean annual air temperature. ΔT is the temperature increment of the boundary layer, and can be set to 2.5°C for natural surfaces and 4.5°C for pavement; a is the temperature variation amplitude, which is 12°C for natural surfaces and 15°C for pavement; t is the time in hours; b is the initial phase, which is equal to 0 at the initial time of April 01 in the northeast of China; and α is the temperature increment of global climate warming over the next 30 years, taken to be 1.5°C [22].

The second kind of boundary condition is an adiabatic boundary condition, and is applied on both sides of numerical models. This condition is written as [22]


∂T∂n=0
(5)

Here, ∂T/∂n is the temperature gradient.

The third kind of boundary condition is a constant temperature gradient of 0.03 °C/m. This is applied at the bottom of numerical models, and is written as [22]


∂T∂n=0.03
(6)

3  Numerical Simulations

3.1 Numerical Model

As shown in Fig. 1, the results of an engineering geological survey indicate that the natural surface consists of 0.4 m of clay soil, 1.6 m of silty clay soil, and 18 m of strongly weathered rock [20]. According to the specifications for the asphalt pavement design of civil airports [37], the pavement structure consists of an upper surface, under surface, upper base layer, under base layer, and subbase layer. To eliminate the boundary effect, a 40 m wide natural surface should be placed on both sides of the pavement structures. The numerical model of the pavement structure is 45 m wide and 15 m long.
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Figure 1: Schematic diagram of numerical model

The calculation time is 10 years. The boundary condition of the numerical model is determined by Eqs. (4)–(6). The initial temperature field is taken as –1°C [38]. An apparent heat capacity method is used to simulate the phase change that occurs in a certain temperature range. The thermal parameters of the natural surface and pavement structure are listed in Tables 1 and 2 [20].
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3.2 Verification of Numerical Model

Due to the lack of runway monitoring data, the reliability of the numerical model is verified through a comparison with the temperature field characteristics and the depth of the frozen layer of previous models. Transient thermal analysis of the runway is conducted over a period of 10 years based on the initial temperature field. The temperature field after 10 years of operation in the Northeast of China is shown in Fig. 2. The change in the depth of the frozen layer with respect to time after 10 years of operation in the Northeast of China is shown in Fig. 3.
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Figure 2: Temperature field after 10 years of operation in the Northeast of China

[image: images]

Figure 3: The depth of the frozen layer with respect to time after 10 years of operation at (a) pavement center and (b) pavement edge

Fig. 2 shows that the maximum depth of the frozen layer of the pavement generally appears on the 346th day after the air temperature reaches the maximum value, which is at the end of March in the second year. The results in Fig. 2 are in accord with those of [28] and [39]. Fig. 3 shows that the pavement begins to freeze in the middle of October, reaches the maximum depth of the frozen layer at the end of March, starts to thaw at the beginning of April, and has completely thawed by the end of April. The characteristics of the pavement freezing and thawing are consistent with those reported by Wang et al. [40] and Li [20]. However, the maximum depth of the frozen layer of the pavement in runway engineering is about 3.35 m, somewhat deeper than in highway and railway engineering. The maximum depth of the frozen layer of the pavement is consistent with that found by Li [20] and Duan [38]. Therefore, the parameters and boundary conditions of the runway structure model are reasonable, and the numerical model of the runway structure can be applied to analyze the temperature and the depth of the frozen layer response of permafrost runways.

4  Results and Discussion

4.1 Stability of Temperature Field

Generally, the pavement contains more heat than natural surfaces, which changes the original thermal balance of the ground temperature. The pavement transfers heat to the natural surface and subgrade until the new thermal dynamic equilibrium is reached. Therefore, the change in temperature with respect to time, as shown in Fig. 4, can be used to analyze the stability of the temperature field in runway engineering.

Fig. 4 indicates that the heat dissipation processes of the pavement and natural surface continue for 5 or 6 years until the new thermal dynamic equilibrium is reached. The temperature of the pavement and natural surface then exhibit a stable and cyclical variation. As the depth increases, the temperature amplitudes of the pavement and natural surface gradually decrease with some phase delay. This phenomenon occurs because much of the heat in the pavement does not dissipate quickly, and requires a long time to gradually dissipate. Moreover, the temperature gradually decreases as the heat conduction depth increases. Finally, the pavement and natural surface reach a new thermal dynamic equilibrium. In addition, the temperature of the pavement and natural surface presents a slightly rising phenomenon due to the impact of global climate warming.

[image: images]

Figure 4: Temperature with respect to time at (a) pavement center, (b) pavement edge, (c) natural surface center, and (d) natural surface edge

Figs. 4a and 4b show that the change in temperature with respect to time is almost identical at the pavement center and the pavement edge. Figs. 4c and 4d show that the natural surface center and edge also exhibit similar changes in temperature over time. This is because the pavement structure layers, natural surface, and subgrade are assumed to be uniform and isotropic. Hence, the temperatures of the pavement center and the natural surface center are adopted to study the temperature characteristics at different depths. Figs. 4a and 4c indicate that the temperature of the pavement is higher than that of the natural surface at the same depth and time. The difference in the highest temperature of the pavement and the natural surface is about 3.5°C, whereas the difference in the lowest temperature is about 1°C. The phase delay in the runway is greater than that in highways and railways. The reason is that the solar absorption coefficient of the pavement is greater than that of the natural surface, and the quantity of heat absorbed by the pavement is greater than that absorbed by the natural surface. Furthermore, the runway is wider than a highway or a railway, so the heat absorption area is larger. Hence, the quantity of heat absorbed by the runway is greater than that absorbed by a highway or railway, and so a longer time is required for heat dissipation.

4.2 Temperature Characteristics at Different Depths

The stability of the temperature field shows that the temperature variation amplitude decreases as the depth increases. To study the relationship between temperature and depth, the temperature-depth curves on the 15th day of each month after 10 years of operation are shown in Fig. 5.
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Figure 5: Temperature-depth curves at (a) pavement center and (b) natural surface center

Fig. 5 indicates that the temperature envelopes of the pavement and natural surface are funnel-shaped over the whole year. The temperature ranges of the pavement and natural surface decrease at increased depths, and tend to a constant temperature. The upper temperature-depth curves of the pavement and natural surface that shift to the left indicate that low-temperature interlayers exist in the pavement structure and natural surface. Similarly, the upper temperature-depth curves that are shifted to the right mean that high-temperature interlayers exist in the pavement structure and natural surface. These temperature characteristics are similar to those observed in highway and railway engineering [28,39]. However, the low- and high-temperature interlayers in runway engineering are thicker than those found in highway and railway engineering. The response depth of the runway, i.e., the depth at which the temperature envelopes of the pavement and natural surface reach a stable value, is greater than that of highways and railways. The reason is that the wide pavement in runway engineering absorbs more heat and is more harmful to heat dissipation than highways and railways, which increases the depth range of the temperature response.

In Fig. 5a, because January is the coldest month with the least solar radiation, the temperature of the pavement center goes from low to high and back to low as the depth increases. The top of the pavement is significantly affected by the external environment and begins to cool down first. The temperature variation of the pavement decreases as the depth increases, and is barely influenced by the external environment at depths of more than 12 m. The air temperature increases from January to April. In April, the temperature of the pavement center exhibits high-low-high-low characteristics as the depth increases. The top of the pavement begins to warm up first as the air temperature increases. The temperature variation of the pavement slows with depth, and an obvious low-temperature interlayer appears in the pavement structure, as shown in Fig. 6. Hence, the upper temperature-depth curve of the pavement center in April exhibits a significant left shift. The air temperature continues to rise from April to July. As July is the hottest month with the most solar radiation, the temperature of the pavement center exhibits high–low characteristics as the depth increases. The low-temperature interlayer disappears because the whole pavement is in a high-temperature state. The air temperature gradually decreases from July to October. The temperature of the pavement center starts to decrease and exhibits low-high-low characteristics as the depth increases. The top of the pavement is influenced by the external environment first, and begins to decrease in temperature. The temperature variation of the pavement becomes slower with an increase in depth, and the high-temperature interlayer can be clearly seen in the pavement structure, as shown in Fig. 7. Hence, the upper temperature–depth curve of the pavement center in October has a significant right shift. Because the air temperature continues to decrease from October to January, the cooling depth of the pavement increases and the high-temperature interlayer disappears.
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Figure 6: Low-temperature interlayer in the 10th year
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Figure 7: High-temperature interlayer in the 10th year

In Fig. 5b, the characteristics of the temperature-depth curve at different depths and times are similar to those of Fig. 5a. When the air temperature rises from January to April, the clay soil of the natural surface remains frozen for a long time. As the air temperature continues to increase from April to July, the clay soil of the natural surface thaws, but the thermal conductivity of the natural surface is lower than that of the pavement, and so the heat transfer capacity of the natural surface is weaker. The solar absorption coefficient of the natural surface is lower than that of the pavement, meaning that the temperature of the natural surface remains lower than that of the pavement. As the air temperature gradually decreases from July to October, the clay soil of the natural surface remains unfrozen for a long time. Further decreases in the air temperature from October to January gradually cause the clay soil of the natural surface to freeze.

4.3 Maximum Depth of the Frozen Layer at Different Times

Because the stability of the temperature field develops year by year, the maximum depth of the frozen layer changes over time. A temperature of 0°C is taken as the frozen temperature of the pavement structure layers, natural surface, and subgrade. The maximum depth of the frozen layer curves of the pavement and natural surface over 10 years are shown in Fig. 8.

Fig. 8 shows that the maximum depths of the frozen layer of the pavement and natural surface both decrease year on year due to the impact of global climate warming. The maximum depth of the frozen layer of the pavement is consistently less than that of the natural surface. This is because the solar absorption coefficient and heat transfer capacity of the pavement are greater than those of the natural surface. In runway engineering, the maximum depth of the frozen layer of the pavement is greater than that encountered in highway and railway engineering because the wide pavement in runway engineering enables more heat to be absorbed and transferred, enhancing the disturbance range of the permafrost. The variation amplitude of the maximum depth of the frozen layer decreases over time and tends to a stable value as the heat dissipates gradually during the process of transmission. The maximum depth of the frozen layer curves of the pavement center and edge are almost identical, and those of the natural surface center and edge are also very similar. This is because the pavement structure layers, natural surface, and subgrade are assumed to be uniform and isotropic. Hence, the depth of the frozen layer of the pavement center and natural surface center are adopted to study the evolution of the depth of the frozen layer at different times.

[image: images]

Figure 8: Maximum depth curve of the frozen layer at (a) pavement center and natural surface center, and (b) pavement edge and natural surface edge

4.4 Evolution of the Depth of the Frozen Layer at Different Times

When the maximum depth of the frozen layer has reached an almost-constant value, the pavement structures, natural surface, and subgrade in the vicinity of the maximum depth of the frozen layer undergo a periodic freeze-thaw cycle every year. The changes in the depth of the frozen layer with respect to time for the pavement and natural surface are shown in Fig. 9.
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Figure 9: The depth of the frozen layer with respect to time at (a) pavement center and (b) natural surface center

Fig. 9 shows that the range of the depth of the frozen layer for the pavement and natural surface decreases over time because of the impact of global climate warming. The freezing processes of the pavement and natural surface develop from top to bottom, and the thawing processes of the pavement and natural surface develop from top to bottom and from bottom to top. Hence, permafrost runways have the characteristics of unidirectional freezing and bidirectional thawing. Moreover, the thawing rate is faster than the freezing rate. This is because the pavement and natural surface begin to warm up with the coming of spring, and the region beyond the range of the depth of the frozen layer remain at a positive temperature. Both the pavement and natural surface begin to freeze from the middle of October, and reach the maximum depth of the frozen layer at the end of March of the second year. This is because of the thermal resistance effect and thermal transfer delay of pavement structures, natural surface, and subgrade. The start time of thawing is almost identical for the pavement and natural surface, and the time history curves have similar shapes. The freezing and thawing trends for the pavement and natural surface are approximately linear.

Although the thawing rates of the pavement and natural surface are similar, the natural surface freezes faster than the pavement, unlike in highway and railway engineering. The depth of the frozen layer the natural surface and the time for which it is frozen are greater than those of the pavement. The reason is that the thawing rates of the pavement and the natural surface are almost identical, but the depth of the frozen layer of the pavement is less than that of the natural surface. Hence, the pavement has completely thawed by the middle of April, whereas the natural surface has not thawed until the middle of May. Note that the low-temperature interlayers remain for a certain time after the pavement and natural surface have thawed.

Because frost deformation occurs in the top-down development of the freezing depth as a result of water from unfrozen areas and outside continuously migrating and accumulating, the frost deformation of the runway should be monitored from November to February every year. The temperature field, ground water level, and rising height of capillary water should also be considered. As thawing occurs faster than freezing and thawing deformation in runway engineering can easily cause significant damage, this issue should be monitored from March to April to ensure the normal operation of the runway and the safe landing and take-off of aircraft.

5  Structure Optimization

To verify the cooling effect of the installation layer in airport engineering, the numerical model was used to simulate an installation layer below the subbase layer. Thicknesses of 0.125, 0.150, and 0.175 m were considered. The parameters of the installation layer are listed in Table 3 [39]. The change in temperature with respect to time at the pavement center with an installation layer thickness of 0.150 m is shown in Fig. 10. The temperature-depth curve at the pavement center for this installation layer thickness is presented in Fig. 11. The maximum depth curve of the frozen layer at the pavement center for all three installation layer thicknesses is shown in Fig. 12. When the depth of the frozen layer reaches its maximum value, the temperature field after 10 years of operation with each installation layer thickness is shown in Fig. 13. The change in the depth of the frozen layer with respect to time at the pavement center with an installation layer thickness of 0.150 m is shown in Fig. 14.
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Fig. 10 indicates that the temperature changes at the top of the installation layer (Y = 1.45 m) and at the bottom of the installation layer (Y = 1.6 m) have significant differences. The reason is that the installation layer prevents the transmission of heat. Hence, the temperature at the top of the installation layer is similar to the temperature of the pavement structure, whereas the temperature at the bottom of the installation layer is close to the temperature of the subgrade. Moreover, Fig. 10 shows that, at a given time, the maximum (minimum) temperature in the depth range 0.15–1.45 m is higher (lower) than that indicated in Fig. 4a. This is because the installation layer prevents heat transmission and plays the role of a “pot cover.” Therefore, the installation layer is helpful in stabilizing the temperature of the subgrade.

[image: images]

Figure 10: Temperature at pavement center with respect to time for an installation layer thickness of 0.150 m

Fig. 11 shows that the temperature–depth curve changes abruptly at a depth of 1.6 m, and the temperature range from 1.6–12.5 m is smaller than that shown in Fig. 5a. This phenomenon results from the thermal conductivity of the installation layer being far less than that of the runway structure, preventing the transmission and exchange of heat through the installation layer. Thereby, the installation layer reduces the influence of the air temperature on the temperature field of the subgrade.

[image: images]

Figure 11: Temperature-depth curve at pavement center with an installation layer thickness of 0.150 m

Fig. 12a indicates that the maximum depth of the frozen layer at the natural surface center is greater than that at the pavement center. The reason is that the natural surface has no installation layer below the subbase layer. The installation layer prevents the transmission and exchange of heat. Fig. 12b shows that the maximum depth of the frozen layer decreases over time. The thickness of the installation layer also affects the maximum depth of the frozen layer. Hence, the installation layer is helpful in reducing the maximum depth of the frozen layer.
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Figure 12: Maximum depth curve of the frozen layer (a) with an installation layer thickness of 0.150 m at the pavement center and natural surface center and (b) at the pavement center with installation layer thicknesses of 0.125, 0.150, and 0.175 m

Figs. 13a and 13b show that the positive temperature region at the pavement center increases in size and the freezing line at the natural surface gradually moves out as the installation layer thickness increases from 0.125 to 0.150 m. Figs. 13b and 13c show that the positive temperature region at the pavement center decreases in size and the freezing line gradually moves inward when the installation layer thickness increases from 0.150 to 0.175 m. Therefore, the influence of the installation layer on the temperature field weakens away from the pavement toward the natural surface. Moreover, the transverse temperature difference across the pavement structure in Fig. 13 is greater than that shown in Fig. 2.

[image: images][image: images]

Figure 13: Temperature field after 10 years of operation with installation layer thicknesses of (a) 0.125 m, (b) 0.150 m, and (c) 0.175 m

The freezing rate of the runway in Fig. 14a is slower than that in Fig. 9a, and the freezing rate of the natural surface in Fig. 14b is initially slower than that in Fig. 9b. This is because the installation layer prevents the transmission and exchange of heat, and the effect of installation layer gradually weakens from the pavement to the natural surface. In the process of bidirectional thawing, the influence of the installation layer on temperature transmission reduces the speed of thawing, especially at the natural surface center [Fig. 14b]. Therefore, the installation layer is beneficial to reducing the freezing and thawing rates.

[image: images]

Figure 14: The depth of the frozen layer with respect to time at (a) pavement center and (b) natural surface center with an installation layer thickness of 0.150 m

6  Conclusions

Based on the proposed numerical model of runway structures in permafrost regions, the time–space characteristics of the temperature field and the depth of the frozen layer for runways and installation layers have been analyzed. The following conclusions can be drawn:

1.    The heat dissipation processes of the pavement and natural surface continue for 5 or 6 years until the temperature presents a stable and cyclical variation. The temperature amplitudes of the pavement and natural surface gradually decrease, with some phase delay, as the depth increases. The difference in the maximum temperature of the pavement and natural surface is about 3.5°C, and the difference in the minimum temperature is about 1°C. The phase delay time of the temperature response in runway engineering is longer than that observed in highway and railway engineering.

2.    The temperature envelopes of the pavement and natural surface are funnel-shaped. The temperature response ranges of the pavement and natural surface decrease as the depth increases and tend to a constant temperature. The depth of temperature stabilization in runway engineering is greater than that in highway and railway engineering. The response range of the low- and high-temperature interlayers in runway engineering is greater than those found in highway and railway engineering.

3.    The maximum depths of the frozen layer of the pavement and natural surface both decrease over time. The variation amplitude of the maximum depth of the frozen layer also decreases with time and tends to a stable value. The maximum depth of the frozen layer of the pavement is less than that of the natural surface at any given time, but is greater than that found in highway and railway engineering.

4.    The range of the depths of the frozen layer for the pavement and natural surface decreases over time. Permafrost runways have the characteristics of unidirectional freezing and bidirectional thawing. The pavement and natural surface exhibit similar freeze/thaw cycles, and the development trends of freezing and thawing for both the pavement and natural surface are approximately linear. The thawing rates of the pavement and natural surface are similar, but the freezing rate of the natural surface is faster than that of the pavement. The natural surface has a greater depth of the frozen layer and a longer frozen period than the pavement.

5.    The change in temperature with time at the top of the installation layer is similar to that of the pavement structure, whereas that at the bottom of the installation layer is similar to that of the subgrade. The temperature–depth curve at the position of the installation layer changes abruptly, and the temperature range from 1.6–12.5 m is smaller than that of a runway without an installation layer. The maximum depth of the frozen layer decreases over time, and the thickness of the installation layer affects the maximum depth of the frozen layer. The transverse temperature difference across the pavement structure of a runway with an installation layer is greater than that of a runway without an installation layer. The positive temperature region at the pavement center first increases in size and then becomes smaller, and the freezing line at the natural surface first moves away from the runway and then shifts inward. The freezing and thawing rates for a runway with an installation layer are slower than those in a runway without an installation layer.

6.    Due to the time limitation, this paper only studies the temperature of the natural surface and pavement. The next research will be carried out on the stress, strain, and displacement of the natural surface and pavement. The next research will propose empirical equations for the stress, strain, and displacement.
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Table 3: Parameters of installation layer
Material pl(kg/m?) c/(Jl(kg-°C)) M(Wl(m-°C))
XPS 30 1250 0.03
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Table 2: Thermal parameters of pavement structure
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