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Abstract

:

Thawing permafrost has affected the structural integrity of buried warm pipelines in cold regions and poses an ongoing threat in the context of climate change. Therefore, characterizing variation in the engineering properties of pipeline foundation permafrost and its effect on the mechanical behavior of pipeline is important. In this paper, the ground temperature distributions around a buried warm pipeline and mechanical response of the pipeline to differential thaw settlement of foundation permafrost are investigated using thermal–mechanical sequential coupling simulation, based on the observational data collected from a selected monitoring site along the China-Russia crude oil pipelines in northeastern China. The results indicate that the thaw-induced settlement of pipeline foundation permafrost develops quickly with the formation and expansion of the thaw bulb in the first 10 years, and then increases slowly when the thaw bulb extends to the weathered granite. Differential thaw settlement will cause a significant change in the deformation and stress of the pipeline near the interface of strong and weak thaw settlement zones. When the length ratio of strong and weak thaw settlement zones is 1, the maximum stress of the pipeline with a thickness of 16 mm is approximately 45% of the allowable stress of X65 steel, and the pipeline remains safe for 30 years. However, the potential failure of the pipeline should be considered due to the continued ground thawing and warming and pipe material aging. Forthcoming research on this topic is needed to evaluate more carefully the structural integrity of buried pipelines in cold regions.
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1. Introduction


Long-distance transportation pipelines inevitably pass through geotechnically problematic areas and thus are under the threat of various geological disasters, such as fault displacement [1,2], landslide [3], debris flows [4], ground movement induced by engineering activities of tunneling, overloading, and underground mining [5,6,7,8] and variations in engineering proprieties of special soils, such as collapsible loess, expansive soil, and frozen soil [9,10,11]. In permafrost regions, the differential frost heave and/or thaw settlement of foundation permafrost will cause the deformation or even failure of the pipeline [12,13,14]. Due to the strong temperature dependence of the hydraulic and mechanical properties of frozen soils, characterizing the thermal regime of pipeline foundation soils is critical for quantifying the frost heaving and thawing settlement and evaluating the mechanical behavior of the buried pipeline. Thus far, extensive studies have focused on the heat transfer process between the buried pipeline and the surrounding soils. For example, quasi-static solutions for thawing or freezing around a buried pipeline were derived [15]. Lachenbruch [16] pointed out some potential effects of a buried pipeline with a temperature of 80 °C on the surrounding permafrost environment. In many subsequent numerical studies conducted by Mu et al. [17], Chen et al. [18], and Wang et al. [19], more reasonable and accurate models were used to further evaluate the permafrost disturbances caused by the construction and operation of buried pipelines. Moreover, the thermal interaction between the pipeline and the surrounding soils was performed through model tests and site measurements [20,21]. For the China-Russia crude oil pipeline, an in situ monitoring system was established, and over 10 years (2011–2021) of ground temperature observations on and off the pipeline right-of-way were made [22].



To study pipeline performance during frost heaving of surrounding soils, several field tests, such as the Calgary, Canada chilled pipeline experiment [23], the Caen, France chilled pipeline experiment [24], and the Fairbanks, Alaska large-diameter chilled pipeline experiment [20] were conducted and various types of analytical and numerical models [25,26,27] were developed in the past four decades. The complex interaction problem of pipeline and permafrost was usually treated as two independent processes: the development of frost heave of surrounding soils, and the process of the mechanical soil-pipeline interaction [28], which was idealized with a beam-spring model or with a more extensive model that considers features such as nonlinear mechanical behavior of soil and pipeline, geometrical nonlinearity in the pipeline, and the contact characteristics of pipe-soil interface. However, there are limited studies on the interaction between buried pipelines and permafrost foundation thawing [28,29]. Wen et al. [30] adopted a thermal elastoplastic computation to investigate the stresses and strains of a buried pipeline under thaw settlement. Zhou et al. [31] used a thermo-mechanical coupled model to analyze the interaction between a buried pipeline and permafrost thawing and showed that the thaw-consolidation characteristic of soils has a more significant effect on the peak strain of the pipeline. Xie and Zhang [32] analyzed the deformation of the pipeline in the thaw settlement zone from the perspective of strain design. Wei et al. [33] developed a three-dimensional thermo-hydro-mechanical coupling numerical model to investigate the potential failure of the pipeline crossing active tectonic fault in permafrost. More importantly, the practical operation of the buried warm-oil pipelines (e.g., Eastern Siberia–Pacific Ocean oil pipeline in Russia, the China–Russia crude oil pipeline in China, and the Trans-Alaska pipeline in the U.S.) indicates that permafrost thawing (mainly caused by strong thermal disturbances of construction and operation of pipelines on the right-of-way) and related soil mass movements pose a serious threat to the safety of pipelines, moreover, the threat is picking up under the influence of global climate change and pipe material aging [18,19,34]. For example, significant ground subsidence on the pipeline right-of-way and pipe settlement were observed in warm and ice-rich permafrost zones along the China–Russia crude oil pipeline. Additionally, the Inuvik experimental warm-oil pipeline (with a temperature of 71 °C) on ice-rich permafrost had settled about 1 m within 40 days of operation [35]. To mitigate the thaw settlement of permafrost surrounding the buried pipeline, vertical support beams equipped with thermosyphons and insulation materials were applied in the Trans-Alaska pipeline, and free-standing vertical thermosyphons were installed around the China–Russia crude oil pipeline [36]. Hence, the thaw settlement of permafrost foundation is the major issue for the buried warm oil pipeline in permafrost regions and the mechanical response of buried pipelines to permafrost thawing requires in-depth research.



In this paper, the applicability and accuracy of the sequential thermal–mechanical coupling method used to predict the thaw consolidation of degrading permafrost were made according to the results of the one-dimensional thaw consolidation test reported by Huang [37]. Then, a three-dimensional thermo-mechanical coupling model of pipeline–soil interaction was developed to simulate the mechanical response of a buried pipeline subjected to differential thaw settlement of foundation permafrost, based on the observational data collected from a selected monitoring site along the China–Russia crude oil pipelines in northeastern China. The proposed model and relevant results can be used for the assessment of existing buried pipelines embedded in permafrost regions.




2. Governing Equations and Numerical Implementation


The total thaw settlement of permafrost originates from ice-water phase change and settlement of the thawed soils under self-weight and/or applied loads [38]. This complex thermo-hydro-mechanical process is usually modeled by coupling heat transfer with consolidation theory. A large-strain consolidation theory described by the updated Lagrangian (U.L) is used to simulate the thaw consolidation behavior of permafrost in the current study, where the transient heat conduction equation considering ice-water phase change is employed to describe the thermal state as follows [39]:


  C   ∂ T   ∂ t   =  ∂  ∂ x    (  λ   ∂ T   ∂ x    )  +  ∂  ∂ y    (  λ   ∂ T   ∂ y    )  +  ∂  ∂ z    (  λ   ∂ T   ∂ z    )   



(1)




where T is the soil temperature, t is the time, C is the volumetric heat capacity, and λ is the thermal conductivity. C and λ are temperature dependent. Latent heat effects are considered by using the apparent heat capacity method and details can be found in Mu et al. [17].



Large-strain consolidation of thawing saturated soils can be described by the following equations. We assumed that consolidation takes place in the thawed region and frozen soil is incompressible and impermeable.



Equilibrium equation


   ∂  ∂  X k     [   S  l k    (   δ  i l   +   ∂  u i    ∂  X l     )   ]  +  f  o i   = 0  



(2)




where  X  is the coordinates of the material point,  u  is the displacement,    S  l k     is the second Piofa-Kirchhoff stress,    δ  i l     is Kronecker symbol, and    f  o i     is the volume load.



Geometric equation


  Δ  E  i j   = −  1 2   (    ∂ Δ  u i    ∂  X j    +   ∂ Δ  u j    ∂  X i    +   ∂ Δ  u k    ∂  X i      ∂ Δ  u k    ∂  X j     )   



(3)




where   Δ  E  i j     is the increment of the Green strain tensor.



Constitutive equation


  Δ  S  i j  ′  =  D  i j k l   o t   Δ  E  k l    



(4)




where    S  i j  ′    is the effective stress corresponding with    S  i j    , and    D  i j k l  o    is the constitutive tensor.



Effective stress principle


  Δ  S  i j   = Δ  S  i j  ′  +  δ  i j   Δ  P  o ω    



(5)




where    P  o ω     is the pore water pressure.



Continuous equation


    ∂ Δ  E v    ∂ t   +    k i     r ω       ∂ 2   P  o ω     ∂  X i 2    = 0  



(6)




where    E v    is volumetric strain and    k i    is the permeability coefficient.



The large-strain thaw consolidation model is obtained by coupling Equations (1)–(6). We use the sequential thermo-mechanical coupling method to calculate the thaw settlement of frozen soils, as shown by Ming et al. [40]. For this method, the calculation process can be divided into two stages. The first stage is to perform the thermal calculation of the whole model. In the second stage, the consolidation calculation is implemented in the post-thawed region, in which the resulting temperatures obtained during the first stage are read into the mechanical analysis.



To validate this modeling method, a one-dimensional consolidation test with a periodical thermal boundary on silty clay is conducted. The specimen of 101 mm in diameter and 100 mm in height (with a dry density of 1.6 g/cm3) is at an initial uniform temperature of −1.5 °C and thawing-freezing is initiated by adjusting the temperature at the top of the specimen to   T = 8 + 16 sin  (    2 π t   3600   × 4  )   . Meanwhile, a constant load of 100 kPa is applied at the top of the specimen and the vertical deformation is recorded automatically every minute by a DT80 datalogger. The temperature at the bottom of the specimen is kept at −1 °C during the whole test process. The details of the thaw consolidation test are presented by Huang [37]. According to the test conditions, a simplified axial symmetry model was set up, and the same temperature and mechanical boundary conditions are adopted (Figure 1). The soil parameters are obtained from previous test results [41,42] and listed in Table 1. The f and u represent frozen and unfrozen states, respectively. L is the latent heat per unit volume. E is Young’s modulus and μ is Poisson’s ratio. k is the permeability coefficient of thawed soil.



The results of the one-dimensional thaw consolidation test for silty clay are presented in terms of temperature and deformation in Figure 2. The changing trend of simulated temperatures at different depths (Nodes 588, 399, and 210 in Figure 1) was consistent with that of the measured data. However, there was a discrepancy in the amplitude and phase between simulated and measured values in Figure 2a, which might have resulted from the simplification of the latent heat effects, i.e., the latent heat is assumed to be released over a small range of temperatures. The vertical deformation of the specimen increased with time in a stepwise manner under the periodic boundary conditions, as shown in Figure 2b. A similar trend was also seen in simulation results. These above results suggest that the prediction of the thaw settlement of frozen soils through the sequential thermo-mechanical coupling method is feasible.




3. Numerical Results and Analyses


3.1. Computational Domain


According to the permafrost engineering geological data at a monitoring section of the China-Russia crude oil pipeline in warm and ice-rich permafrost regions and detailed engineering design information (e.g., pipe material, buried depth, diameter, and wall thickness), a buried pipeline–soil model was established, as shown in Figure 3. The model is equally divided into three parts along the z-axis (a total length of 120 m), with a large settlement in the middle part and a small settlement at both ends. The steel pipeline is embedded 1.6 m under the ground surface and is modeled using four-node reduced-integration shell elements. Eight-node reduced-integration elements are used for modeling surrounding soils. The computational domain extends 30 m from the ground surface (Figure 4), including the silt clay, gravel soil, and weathered granite layers (simplifying from the actual stratum), and 30 m laterally from the pipeline centerline to minimize the boundary effect.




3.2. Boundary Conditions and Parameters


3.2.1. Boundary Condition


Figure 4 shows the thermal boundary conditions of the model in cross-section. The lateral boundaries are assumed to be adiabatic, and a geothermal heat flux of 0.01 °C/m is employed at the bottom of the computational domain [21]. A heat convection boundary is directly applied to the upper boundary to simplify the complex heat transfer at the ground surface. The atmospheric heat transfer coefficient    h a    is set to 17.4 W/(m2·°C) [43]. According to the long-term observed data at the Jagdaqi weather station, Tair is simplified as a sinusoidal function of time (t) and the influence of climate change on Tair is considered (increases by 2.4 °C in the next 50 years based on the observations at the Jagdaqi weather station over 1971–2004 period [19]); thus, it is expressed as Equation (7).


   T  a i r   = − 0.64 + 21.42 sin  (    2 π   8760   t +  π 2   )  +   2.4 t   365 × 24 × 50    



(7)







Between the oil flowing and pipe wall, a heat convection boundary is adopted, and the convection coefficient    h p    is set to 400 W/(m2·°C) [43]. The temperature of oil flowing (Toil), which is monitored at the Jagdaqi pump station (0.6 km away from the monitoring site), varies as shown in Equation (8). The initial temperature fields of the soil/rock layers are calculated using a long-term transient solution with the upper boundary condition at the natural ground surface without considering climate warming.


   T  o i l   = 6.80 + 3.73 sin  (    2 π   8760   t +  π 2  + θ  )   



(8)




where  θ  is the initial phase. As for mechanical boundary conditions, the top boundary of the model is allowed to displace freely and the pore pressure is set to zero (i.e., free drainage is allowed). The nodes on the bottom boundary plane are fixed and the displacements on all four sides are confined in a direction perpendicular to the surface.




3.2.2. Material Parameters


Thermal physical parameters of soils are obtained based on field measurement and laboratory test results [21,41] and are given in Table 2. Mechanical behaviors of frozen soil are described by Mohr-Coulomb constitutive model (characterized by elastic modulus E, Poisson’s ratio μ, cohesion c, and friction angle φ), which has been proved to be appropriate for the simulation of pipeline–soil interaction [44]. The temperature of pipeline foundation permafrost is greater than −0.8 °C, therefore, mechanical parameters for foundation soils in the frozen state are assumed to be constant. The parameters used in this model are cited from previous publications and listed in Table 3 [30,44,45,46]. The frozen soil is assumed to be impermeable and permeability coefficients for thawed soils are given in Table 3.



The elastoplastic behavior of the X65 steel pipeline is described by Ramberg-Osgood constitutive model. The stress–strain relationship is expressed as:


  ε =  σ E  + α    σ s   E     (   σ   σ s     )   n   



(9)




where E is Young’s modulus (207 GPa); 𝜎s is yield strength (450 MPa); n and α are material constants (15, 0.53).





3.3. Ground Temperature Distributions around the Pipeline


The maximum depth of seasonal thaw at the natural ground generally occurs in mid-October every year. Temperature distributions around the pipeline in the strong thaw-settlement section in October of the initial, second, fifth, tenth, twentieth, and thirtieth years under the predicted climate warming of 0.48 °C per decade are shown in Figure 5. It can be seen that the isotherms were flat before construction of the pipeline (Figure 5a), whereas they were distributed in a sunken shape under thermal disturbances of the pipeline (Figure 5b–f). The closer to the pipeline, the higher the temperature of the foundation soil. The temperature gradient around the pipeline was high at the early stage of pipeline operation (Figure 5b), but it decreased with time and thus the temperature field became more uniform. Moreover, as shown in Figure 5, the coldest contour in summer was −0.8 °C before pipeline construction, it increased up to −0.2 °C within 30 years of operation, indicating the whole region was warmed by the heat loss from the buried pipeline.



Permafrost surrounding the pipeline continued to be thawing with the pipeline operational time increasing, correspondingly, thawed zone (determined by the position of 0 °C isotherm) expanded in lateral and vertical directions (Figure 5b–f). Comparison of temperature distributions around the pipeline in the warm (Figure 5c) and cold seasons (Figure 6) suggested that pipeline foundation soils would not experience a significant bottom-up re-freezing during the following winter and the depth of seasonal frost penetration above the pipeline (approximately 1m) was less than that in the adjacent natural site, due to continuous heat loss from the warm pipeline. Therefore, a thaw bulb (i.e., a residual thawed layer between the permafrost table and the bottom of seasonal frost) formed and expanded with time.



The depth of the permafrost table beneath the pipeline centerline was collected and presented in Figure 7. Following the construction of the pipeline, permafrost table depth continued to increase and reached approximately 11 m over the simulation period (30 years). The rate of increase in permafrost table was up to 0.9 m/a in the first 5 years, and henceforth gradually slowed down. In the 10–15 years after pipeline construction, the maximum thaw depth had extended to the weathered granite layer (8 m below ground surface, as shown in Figure 4) characterized by a weak thaw settlement. The variation in the permafrost table with time in this study can be described by a simple power function (Figure 7).




3.4. Mechanical Behavior of the Pipeline


Figure 8 shows the variation curves of the vertical settlement of the pipeline in the middle of the strong thaw settlement zone with time. The movement of the pipeline developed quickly in the first 10 years, and it tended to be stable in the following 20 years, varying between 33 and 36 cm (away from its original position), because the thawing front had penetrated the granite layer with low ice contents (Figure 7) and the bearing capacity of thawed granite had remained comparatively high. Thus, the stress of the pipeline over the first 10 years after pipeline construction was analyzed later. The above results also demonstrated that thaw consolidation properties of foundation soils have an obvious effect on ground subsidence and pipeline settlement. Thus, detailed surveys and analyses of the permafrost conditions along the pipeline route should be conducted before construction.



The vertical stress distribution of the pipeline at different times after pipeline completion is shown in Figure 9. Oval-shaped high-stress areas were created on the top and bottom of the pipeline near the interface of strong and weak thaw settlement zones due to significant differential thaw settlement of pipeline foundation permafrost. With the increasing ground settlement due to the thaw settlement and consolidation of degrading permafrost, the high-stress areas expanded. The maximum tensile stress was 36, 79, and 145 MPa, and the maximum compressive stress was 35, 73, and 133 MPa in the second, fifth, and tenth years after pipeline construction, respectively. They were less than the allowable stress of the X65 steel pipeline of 324 MPa (yield strength, 450 MPa; safety factor, 0.72).



Figure 10 illustrates the stresses on the top and bottom of the pipeline in the 10th year after construction. The stresses of the pipeline on both sides of the interface were the biggest. The risk of pipeline failure at these two locations was high. Under the conditions of the simulation in the current study, the maximum stress of the pipeline with a thickness of 16 mm was approximately 45% of the allowable stress of X65 steel, and the pipeline remained safe within 30 years.





4. Discussion


Some useful results were found using the simulation analysis; however, there are also two major limitations. Firstly, due to the thermal erosion of water ponding and the downward movement of the pipeline not being considered in the modeling, the simulation results presented herein underestimated the long-term permafrost thawing and subsequent soil mass movement. Secondly, the heat transfer process and thaw settlement simulations in the modeling were decoupled. If the impact of thaw consolidation of frozen soil on the heat transfer process was considered, a larger thaw bulb might have resulted. The above-mentioned limitations of the model would result in an underestimated stress on the buried pipeline. If the welding joints were in the two dangerous locations mentioned above, i.e., near the interface of strong and weak thaw settlement zones, the pipeline might be damaged with the prolongation of aging time. Thus, some countermeasures, such as thermosyphon and insulation layer, were adopted in several regions with poor permafrost geological conditions along the China-Russia crude oil pipeline to mitigate pipeline foundation permafrost thawing and thaw bulb development during operation. However, the applicability and effectiveness of these measures have been demonstrated merely from the perspective of controlling ground temperature. To evaluate more carefully the integrity of buried pipelines with or without strengthening measures in permafrost regions, further investigations should remain focused on the structural response of the pipeline to foundation permafrost thawing. The next research plan is to establish a more comprehensive model of interaction between pipeline and permafrost thawing considering the thermo-hydro-mechanical processes of frozen soil and the interface characteristics of pipeline and thawing soil. Additionally, parametric analysis for pipeline-soil interaction under permafrost thawing should be performed to afford the reference for other similar pipeline projects in cold regions.




5. Conclusions


The stability of warm-oil pipelines embedded in permafrost regions will be reduced due to the non-uniform settlement caused by the warming and thaw of foundation permafrost. The accuracy verification of the sequential thermal–mechanical coupling method for thaw consolidation of thawing soils is present first and then a model of pipeline-permafrost thawing interaction is adopted to analyze the mechanical behavior of the buried pipeline. The following conclusions can be drawn:




	(1)

	
Through the comparison between the simulation results (temperatures and vertical deformation of soil specimen) and that of the experiments for one-dimensional thaw consolidation of silty clay, the sequential thermo-mechanical coupling method is proved to be reliable for the prediction of the thaw settlement and consolidation of degrading permafrost under the periodic boundary condition.




	(2)

	
The buried pipeline would cause significant disturbance to the temperature field around it, characterized by isotherm shape changing, permafrost table deepening, seasonal frost penetration decreasing, and resultant thaw bulb expanding. In the 10–15 years after pipeline construction, the thawing front beneath the pipeline extended to the weathered granite layer, which had a small deformation after thaw and warming. The permafrost table depth beneath the center of the pipeline increased in the form of a power function as the operation time of the pipeline increased.




	(3)

	
Pipeline settlement increased with the thawing of foundation permafrost and then kept almost unchanged when the thawing front entered into the weathered granite. Differential settlement of degrading permafrost would cause oval-shaped high-stress areas on the buried pipeline near the interface of strong and weak thaw settlement zones. When the length ratio of strong and weak thaw settlement zones is 1, the maximum stress of the pipeline with a thickness of 16 mm was approximately 45% of its allowable stress, and the pipeline remained safe for 30 years. We expect that the stress exerted on the pipeline will increase larger than previously estimated, owing mainly to the underestimated permafrost degradation and permafrost-thaw-related movement of soil mass. A fully coupled numerical model of interaction between the pipeline and permafrost thawing needs to be established to evaluate more carefully the structural integrity of the warm pipeline buried in frozen soils.
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Figure 1. The computational model for one-dimensional thaw consolidation of silty clay and boundary conditions. 
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Figure 2. Measured and simulated results of temperature (a) and vertical deformation (b) of the soil specimen. 
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Figure 3. Model description of the buried pipeline-soil interaction. 
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Figure 4. Diagram of thermal boundary conditions of the model in cross-section. 
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Figure 5. Geo-temperature distributions around the buried pipeline on October 15th at the 0 (a), 2nd (b), 5th (c), 10th (d), 20th (e) and 30th (f) year of operation. (Units: °C). 
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Figure 6. Geo-temperature distributions around the buried pipeline on January 15 in the 6th year. (Units: °C). 
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Figure 7. Permafrost table beneath the pipeline centerline over 30 years. 
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Figure 8. Development of vertical settlement of the pipeline over the simulation period. 
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Figure 9. Vertical stress distribution of the buried pipeline in the 2nd (a), 5th (b), and 10th (c) years. 
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Figure 10. The stresses on the top (a) and bottom (b) of the pipeline in the 10th year after pipeline construction. 
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Table 1. Parameters used in the simulation of one-dimensional thaw consolidation of silty clay.
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λ (W·m−1·°C−1)

	
C (J·m−3·°C−1)

	
L (J·m−3)

	
E (MPa)

	
μ

	
k (m·s−1)




	
λ f

	
λ u

	
Cf

	
Cu

	
Ef

	
Eu






	
2.14

	
1.42

	
1.772 × 106

	
2.332 × 106

	
2.958 × 107

	
3.0

	
0.55

	
0.3

	
1 × 10−8
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Table 2. Thermal physical parameters of soils and pipeline used for the proposed model.
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Material

	
  λ  /(W·m−1·°C−1)

	
  C  /(J·m−1·°C−1)

	
  L  /(J·m−1)




	
λu

	
λf

	
Cu

	
Cf






	
Silt clay

	
0.78

	
0.82

	
2.54 × 106

	
2.01 × 106

	
6.03 × 107




	
Silt clay *

	
0.76

	
0.76

	
2.87 × 106

	
2.05 × 106

	
3.77 × 107




	
Gravel soil

	
1.15

	
1.30

	
2.03 × 106

	
1.56 × 106

	
2.32 × 107




	
Gravel soil *

	
1.10

	
1.20

	
2.14 × 106

	
1.48 × 106

	
1.89 × 107




	
Weathered granite

	
1.68

	
1.81

	
3.42 × 106

	
2.70 × 106

	
3.77 × 107




	
Pipeline

	
48

	
3.65 × 106

	








Note: * Soil in the small-settlement part.













[image: Table] 





Table 3. Mechanical parameters of soils used for the proposed model.
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Material

	
   E   (MPa)

	
   μ   

	
   c   (MPa)

	
   φ   (°)

	
   k   (m·h−1)




	
     E f     

	
     E u     

	
     μ f     

	
     μ u     

	
     c f     

	
     c u     

	
     φ f     

	
     φ u     






	
Silt clay

Silt clay *

	
3

5

	
0.15

0.75

	
0.32

	
0.35

	
0.6

1.3

	
0.02

0.05

	
26

	
24

	
3.6 × 10−4

4.5 × 10−5




	
Gravel soil

Gravel soil *

	
30

100

	
2

40

	
0.25

	
0.3

	
0.10

0.21

	
0.03

0.07

	
42

	
40

	
2.6 × 10−4

2.2 × 10−5




	
Weathered granite

	
200

	
20

	
0.2

	
0.25

	
0.34

	
0.10

	
20

	
18

	
1.8 × 10−6




	
Weathered granite *

	
300

	
140

	
1.8 × 10−7








Note: * Soil in the small-settlement part.
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