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1. Introduction 
 

Rocks and soils are formed under the influence of long-

term weathering, handling, abrasion and sedimentation. Due 

to the influence of material composition, sedimentary 

conditions, geological tectonic movement and internal and 

external dynamic geological processes, the soil form 

different spatial structures in different geological periods. It 

shows local randomness and overall structure (Attia et al. 

2018, Fatehi et al. 2018, Wijerathna and Liyanapathirana 

2019, Pan et al. 2018a, b, 2019, Pramanik et al. 2019, Fei et 

al. 2019). In permafrost regions, the foundation soils are 

affected by the engineering activities and atmospheric 

environment, which can accelerate the degradation of 

permafrost foundation. And the temperature change will 

lead to a series of mechanical behavior variations of frozen 

soil (Ming et al. 2018, Ren et al. 2018, Wu et al. 2019, 

Wang et al. 2018, 2019a, b, Zhou et al. 2018, Kadivar and 

Manahiloh 2019). The settlement characteristics of 

geotechnical materials can affect the safety of geotechnical 

structures. Hence many studies had focused on the 

settlement characteristics of geotechnical engineering 

(Peduto e t  al .  2018 ,  Ghiasi  and Morad i  2018, 

Khanmohammadi and Fakharian 2018, Golpasand et al. 

2019, Wang et al. 2019, Jiang et al. 2019, Moeinossadat and 

Ahangari 2019). For the pipeline engineering, the 

temperature change will lead to a series of mechanical  
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behavior changes of frozen soil, which have an adversely 

impact on the mechanical state of the pipeline, and it can 

seriously endanger the safety of the buried oil pipeline. 

Thus far, some scholars have been trying to estimate the 

deformation for the foundation soils surrounding the warm 

oil pipeline in permafrost regions, and the settlement 

analyses of permafrost by layer wise summation method 

have been developed (Wu et al. 2010, Wen et al. 2010, 

Wang et al. 2018, Li et al. 2019, Cherniavsky 2018, Zhang 

et al. 2019, Hazirbaba 2019). However, all of the researches 

of deformation characteristic for foundation soils 

surrounding the warm oil pipeline in permafrost regions are 

developed under the assumption that the mechanical 

parameters are deterministic. 

In fact, the spatial variability of geotechnical properties 

is objective existence. The physical and thermodynamic 

parameters of soil have strong spatial variations. The spatial 

autocorrelation variations and spatial crosscorrelation 

variations of soil properties are the specific characteristic, 

and the spatial variability of soil properties can affect the 

mechanical properties and reliability of the geotechnical 

engineering (Bai et al. 2018, Bose and Rattan 2018, Zheng 

et al. 2018, Yao et al. 2019, Shakir and Talha 2019). 

Random field theory could be applied to quantify the 

correlation and uncertainty characteristics of geotechnical 

properties at different spatial locations. It can scientifically 

reflect the uncertain spatial variations of geotechnical 

materials, it is recognized that it can effectively describe the 

randomness of soil materials. At present, many literatures 

focus on the spatial variations and correlation structure of 

the uncertain material properties (Lombardi et al. 2017, Ma 

and Li 2018, Zhang et al. 2018, Cheng et al. 2018, Chenari 
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et al. 2019). In permafrost regions, the spatial variability of 

geotechnical properties can lead to the randomness of the 

values properties that define the stress-strain relationship 

(Lai et al. 2008, 2012, Kemp et al. 2019). The different 

coefficient of variation and scale of fluctuation have a 

different effect on the uncertain settlement for the frozen 

soil foundation around an oil pipeline. Furthermore, some 

studies reported the stochastic thermal-mechanical 

characteristics of foundation soil in permafrost regions (Liu 

et al., 2014; Wang et al., 2018a, 2018b, 2019a, 2019b), and 

the stochastic thermal regime of frozen soil around an oil 

pipeline are obtained (Wang et al., 2016). For the frozen 

soil, the randomness of soil temperature can lead to the 

randomness of mechanical parameters because they are 

closely related. Therefore, it is extremely significant to 

consider the spatial variability of geotechnical properties 

when the settlement analysis of frozen soil foundation 

around an oil pipeline is conducted. As a matter of fact, the 

frozen soil foundation around an oil pipeline is stratified 

just like rock, which is also caused by crustal movement 

and external weathering. The vertical scale of fluctuation 

and the horizontal scale of fluctuation are variable. The 

coefficient of variation and scale of fluctuation are the key 

parameters for the spatial variability of geotechnical 

properties and it can directly affect correlation structure of 

random field (Zhu et al. 2017, Alhasan et al. 2018, Titi et 

al. 2018). Therefore, it is necessary to study the influence of 

coefficient of variation and scale of fluctuation on the 

stochastic settlement for frozen soil foundation. 

In permafrost regions, the temperature of frozen soil is 

very important to determine the mechanical properties. This 

paper focuses on the impact of spatial variability of 

geotechnical properties on settlement for frozen soil 

foundation around an oil pipeline. Based on the previous 

study of the random temperature field for the frozen soil 

foundation around an oil pipeline (Wang et al. 2016), 

considering the effect of stochastic temperature on the 

stochastic mechanical properties, the elastic modulus, 

cohesion, angle of internal friction and poisson ratio are 

taken as four independent random fields. A stochastic 

analysis of the uncertain settlement characteristic for frozen 

soil foundation around an oil pipeline is presented. 

Considering the different combinations for the coefficient of 

variation and scale of fluctuation, the influences of spatial 

variability of geotechnical properties on uncertain 

settlement are estimated. The distributions of mean 

settlement and variability are obtained, and the influences 

of spatial variability of geotechnical properties are 

analyzed. These results can provide an important reference 

for the safety of pipeline engineering. 
 

 

2. Mathematical model and equations 
 

2.1 Finite element equation 
 

It is the principle of virtual work that the total work 

done by all forces on a system in static equilibrium is zero 

for a set of infinitesimally small displacements (Davis and 

Selvadurai 2002). The stress vector for the finite element 

node are given by 

           
T T T

t t tV V S
B dV N f dV N f dS   

 
(1) 

where dV and dS are the volume increment and surface 

increment, respectively; [N] and [B] are the interpolation 

function matrix and geometric function matrix, 

respectively; {f}t and {𝑓}̅t are the body force vector and 

surface force vector, respectively; δ{ε} and δ{u} are the 

virtual strain vector and virtual displacement vector, 

respectively; t is the load step; {σ}t is the stress vector. 

According to Eq. (1), the incremental computational 

formulae can be expressed as 

           
T T T

V V S
B dV N f dV N f dS      

 
(2) 

In the actual numerical calculation, the load effect of the 

physical column vector is taken into account in the initial 

condition; therefore, Eq. (2) can be simplified as 

       
T T

V S
B dV N f dS   

 
(3) 

 

2.2 Stress-strain relationship 
 

The cohesion and angle of internal friction is the 

important mechanical parameters for the frozen soil. They 

can lead to the shear failure. In this paper, the Mohr-

Coulomb yielding criteria are adopted, and the yield 

function can be expressed as 

   sin cos 3 sin sin 3cos 3 sin cos
6

q
f p c            

   
(4) 

where p and q are the spherical stress and deviatoric stress, 

respectively; φ and c are the angle of internal friction and 

cohesion, respectively; f and θ are the yield surface and 

Lode angle, respectively. 

According to the principles of geotechnical plastic 

mechanics (Zheng et al. 2002), the incremental stress-strain 

relationship is written as follows 

ep
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where Cep
ijkl is the elastic-plastic stiffness tensor; A is the 

hardening function; Ce
ijkl is the elastic stiffness tensor; g is 

the plastic potential function, and the yield function is equal 

to the plastic potential function. 
In Eq. (6), the hardening function is determined by the 

consolidation parameters and potential strength. The 
detailed analysis and calculation process had been 
developed (Wang 2015). According to the broad Hooke’s 
law, the elastic stiffness tensor can be expressed as 

 
2

3

e

ijkl ij kl ik jl il jkC K G G     
 

    
   

(7) 

Substituting Eqs. (4), (6) and (7) into (5), the stress-

strain relationship can be determined. 

 

2.3 Stochastic analysis process 

20



 

Impact of spatial variability of geotechnical properties on uncertain settlement of frozen soil foundation around an oil pipeline 

The uncertainty of the geotechnical properties is 

objective existence because of the complex geological 

structure can be applied to quantify the correlation between 

any two observations in a field. Its essence is to use normal 

random field to simulate geotechnical parameters, and the 

variance, variance function, correlation function, scale of 

fluctuation and correlation distance are used to describe 

spatial variability and correlation of soil properties 

(Vanmarcke 2010, Cheng et al. 2019). In this study, the 

elastic modulus, cohesion, angle of internal friction and 

poisson ratio are taken as four independent 2D random 

fields, respectively. The rectangular elements can be used to 

divide the random field, and the local average element is 

defined as 

1
( , )

e
e

e

X X x y dxdy
A 

 
 

(8) 

where Ae is the area; and Ωe is the domain of integration. 

According to Eq.(8), the covariance of two elements can 

be expressed as 

2 3 3
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(9) 

where σ2 is the variance of random field; L1k and L2l are the 

distances of the relative location for the two elements. 

Γ2(L1k, L2l) is the variance function of random field. The 

expression formula of Γ2(L1k, L2l) is 

2

0 0

4
( , ) (1 )(1 ) ( , )
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L L d d
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(10) 

where ρ(ξ, η) is the correlation function of the random field. 

Based on random field theory, the anisotropic spatial 

variations of soils and rocks had been developed (Zhu and 

Zhang 2013). The correlation structure of random field can 

be expressed as exponential correlation functions. The 

expression formula is 

2 2

2 2
( , ) exp 2

x y

 
  

 

 
   

 
   

(11) 

where θx is the horizontal scale of fluctuation; θy is the 

vertical scale of fluctuation. 

The covariance matrices can been calculated by Eq.(9), 

and then the stochastic settlement characteristic of frozen 

soil foundation can be calculated by NSFEM (Wang et al. 

2018b). After obtaining the settlement of foundation soil for 

every stochastic simulation, the statistical properties (such 

as average value, standard deviation and coefficient of 

variation) can be analyzed by mathematical statistics 

method. In this study, according to above finite element 

equation, stress-strain relationship and stochastic analysis 

process, a calculation program of stochastic settlement 

characteristic was compiled in MATLAB 7.0. The average 

value, standard deviation and coefficient of variation can be 

directly outputted with the compiled program. 
 

 

3. Description of the parameter and boundary 
conditions 
 

Fig. 1 shows the computational model for a frozen soil  
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Fig. 1 The numerical computational model. Part I is silty 

clay; Part II is gravel soil and part III is bed rock 
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Fig. 2 Load and boundary conditions 

 

 

foundation around an oil pipeline. It is the numerical 

analysis model of the Mo-Da oil pipeline in Northeast 

China. From the stress-strain relationship, the elastic 

modulus, cohesion, angle of internal friction and poisson 

ratio need to be determined. As is known to all, these 

mechanical parameters are closely related to the 

temperature. Different temperatures have different values 

for the elastic modulus ET, cohesion cT, angle of internal 

friction φT and poisson ratio vT. According to the previous 

studies (Wu et al. 1988, Li et al. 2009, Liu et al. 2019), the 

mathematic relation between the mechanical parameters and 

thermal properties can be expressed as 

1 1

2 2

3 3

4 4

| |

| |

| |

| |

m

T

T

T

T

E a b T

c a b T

a b T

v a b T



  


 


 
    

(12) 

In Eq.(12), ai and bi are the test parameters, and the 

detailed values are shown in Table 1. m is a nonlinear 

exponent and it usually equals 0.6. Based on previous 

studies (Wang et al. 2016), the stochastic temperature of the 

frozen soil foundation around an oil pipeline have been 

obtained. Therefore, the elastic modulus, cohesion, angle of 

internal friction and poisson ratio can be calculated by 

Eq.(12). Fig. 2 shows the calculation model for the load  
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N=N+1
 if N<N0 is true
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End

Calculate parameters ET, cT, φT and vT

 

Fig. 3 Calculation flow chart of a load step 

 

Table 1 Basic mechanical parameters of foundation soil 

Physical 

parameters 

γ  

(kN·m-3) 
a1 (MPa) b1 a2(MPa) b2 a3 b3 a4 b4 

Silty clay 18.3 58 51 0.03 0.092 23 9.5 0.35 
-

0.007 

Gravel soil 19.4 28 26 0.16 0.088 21 8 0.40 
-

0.008 

Bed rock 21.6 80 76 0.12 0.241 27 11 0.25 
-

0.004 

 

Table 2 Different groups of coefficients of variation  

No. 1 2 3 4 5 6 7 8 9 10 11 12 

ET 0.1 0.2 0.3 COV COV COV COV COV COV COV COV COV 

cT COV COV COV 0.1 0.2 0.3 COV COV COV COV COV COV 

φT COV COV COV COV COV COV 0.1 0.2 0.3 COV COV COV 

vT COV COV COV COV COV COV COV COV COV 0.1 0.2 0.3 

 

Table 3 Different groups of horizontal scale of fluctuation 

No. 1 2 3 4 5 6 7 8 

θx 2 5 10 20 50 100 200 500 

θy HD HD HD HD HD HD HD HD 

 

Table 4 Different groups of vertical scale of fluctuation 

No. 1 2 3 4 5 6 7 8 

θx VD VD VD VD VD VD VD VD 

θy 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

 

 

effect and boundary constraint. AB, BC, CD and AD 

represent the bottom boundary, right lateral boundary, upper 

native surfaces and left lateral boundary. In detail, the 

horizontal direction and vertical direction of CD are 

unconstrained; the horizontal direction of AD and BC are 

constrained while the vertical direction of AD and BC are 

free; the horizontal direction and vertical direction of the 

AB are constrained. For each load step, a stochastic analysis 

process for the uncertain settlement characteristic need to be 

conducted. Fig. 3 is the detailed calculation flow chart of a 

load step. 

To study the impacts of coefficients of variation, 

horizontal and vertical scale of fluctuation on the uncertain 

settlement of frozen soil foundation around an oil pipeline, 

Table 2, Table 3 and Table 4 are the different groups in 

detail. 
 

 

4. Worked examples  
 

4.1 Validation and comparison with the computed and 
measured settlements 
 

To validate the stochastic analysis model of the 
uncertain settlement characteristic of frozen soil foundation 
around an oil pipeline, a validation and comparison with the 
computed and measured settlements is given in Fig.4. The 
measured settlements of the frozen soil ground for the 1.0 m 
and 3.0 m away from the oil pipe centerline are obtained by 
in-situ monitoring method (Chen 2007, Zheng 2011). It can 
be seen from Fig. 4(a) and 4(b) that the computed mean 
settlements well agree with the measured mean settlements. 
Therefore, the stochastic analysis model used in this study 
can calculate the uncertain settlement characteristic of 
frozen soil foundation around an oil pipeline. From Fig. 
4(a), the maximum difference between the computed and 
measured settlements for 1.0 m away from the oil pipe 
centerline is only 0.79 cm. From Fig. 4(b), the maximum 
difference between the computed and measured settlements 
for 3.0 m away from the oil pipe centerline is only 0.91 cm. 
Therefore, the stochastic analysis model has sufficient 
accuracy. 
 

4.2 Distribution of stochastic settlement characteristic 
 

In general, the air temperature is the highest in July and 

the heat conduction between the permafrost surface and 

atmosphere is very intense. The air temperature is the 

higher in October and the heat conduction in foundation soil 

is very obvious. There is a lot of melting frozen soil in those 

times and the settlements of foundation soils surrounding  
 

 

  
Fig. 4 Comparison between the computed and measured 

settlements for the frozen soil ground: (a) 1.0 m away 

from the oil pipe centerline and (b) 3.0 m away from the 

oil pipe centerline 
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Fig. 5 Distributions of mean settlement around the oil 

pipe after construction: (a) on July 15 of the 10th year, 

(b) on October 15 of the 10th year, (c) on July 15 of the 

30th year and (d) on October 15 of the 30th year (Unit: 

cm) 

 

  

  
Fig. 6 Distributions of standard deviation around the oil 

pipe after construction: (a) on July 15 of the 10th year, 

(b) on October 15 of the 10th year, (c) on July 15 of the 

30th year and (d) on October 15 of the 30th year. (Unit: 

cm) 

 

 

the oil pipe are larger. Therefore, the mean settlements of 

foundation soils surrounding the oil pipe on July 15 and 

October 15 are shown in Fig. 5. 

From the distribution of the mean settlement, the 

maximum mean settlement is 10.8 cm and 11.1 cm on July 

15 and October 15 after 10 years, respectively. The mean 

settlements are larger above the pipe because of the high 

temperature of the crude oil pipeline. From Figs. 5(c) and 

5(d), the maximum mean settlement is 13.2 cm and 13.4 cm 

on July 15 and October 15 after 30 years, respectively. As 

for a further comment, from the 10th year to the 30th year 

after construction, the maximum mean settlement increases 

by 2.4 cm on July 15 while it increases by 2.3 cm on 

October 15 because of the climatic warming. When both the 

horizontal scale of fluctuation and vertical scale of 

fluctuation are 2.0 m, Fig. 6 shows the standard deviation 

for the settlement of the frozen soil foundation. The 

coefficient of variation is assumed to be 0.1 in the 

calculation process. 

From the distribution of the standard deviation after 10 

years of operation, the maximum standard deviation is 

0.8cm and 1.0cm on July 15 and October 15, respectively. It 

can be seen from Fig. 6(c) and 6(b) that the maximum 

standard deviation is 1.1cm and 1.35cm on July 15 and 

October 15, respectively. From the 10th year to the 30th 

year after construction, the maximum standard deviation 

increases with time. According to the distribution of 

stochastic settlement characteristic, it can be conclude that 

the spatial variability of geotechnical properties can lead to 

the uncertainty of settlement for frozen soil foundation 

around the oil pipeline, and it can affect the stability of 

permafrost foundation. 

 

4.3 Impacts of coefficient of variation on standard 
deviation 
 

In order to elucidate the impact of coefficient of 

variation of uncertain mechanical parameters on stochastic 

settlement of frozen soil foundation, different coefficients 

of variation (0.1, 0.2 and 0.3) for the elastic modulus, 

cohesion, angle of internal friction and poisson ratio are 

taken into account, respectively. Table 2 is the different 

groups. The variations of standard deviation for the 

settlement are shown in Fig. 7. The variability analysis of 

the settlement for the surface of frozen soil foundation is 

very important, and it can directly affect the safety of 

pipeline foundation. Excessive deformation can cause the 

pipe to be exposed to the frozen soil surface, so the standard 

deviation in Fig. 7 represents the settlement for the surface 

of frozen soil foundation. 

When COV = 0, the separated impact of each coefficient 

of variation is obtained in Fig. 7(a). It can be seen that the 

impacts between elastic modulus, cohesion, angle of 

internal friction and poisson ratio are obviously different. 

The elastic modulus has a more obvious impact than the 

cohesion, angle of internal friction and poisson ratio. In 

detail, the maximum standard deviation of settlement is 

1.39cm when the coefficient of variation of elastic modulus 

is assumed to be 0.3. The angle of internal friction has the 

minimum effect on the variability of settlement. The 

minimum standard deviation of settlement is 0.81cm when 

the coefficient of variation of angle of internal friction is 

assumed to be 0.1. When COV = 0.1, 0.2 and 0.3, the 

combined impact of different coefficients of variation are  
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obtained in Fig. 7(b)-7(d). It is obvious that the stochastic 

influences of elastic modulus, cohesion, angle of internal 

friction and poisson ratio are different. On balance, the 

elastic modulus has a greatest effect on the stochastic 

settlement while the angle of internal friction has a least 

influence on the stochastic settlement. As shown in Fig.7 

(b)-7(c), the maximum standard deviation of settlement is 

1.51 cm, 1.58 cm and 1.67 cm when the coefficient of 

variation of elastic modulus is 0.3 and COV = 0.1, 0.2 and 

0.3, respectively. the minimum standard deviation of 

settlement is 1.04 cm, 1.06 cm and 1.28 cm when the 

coefficient of variation of angle of internal friction is 0.1 

and COV = 0.1, 0.2 and 0.3, respectively. From Fig. 7(a)- 

 

 

 

7(d), it can be concluded that the deformation parameter 

(elastic modulus and poisson ratio) have a greater influence 

than the strength parameters (cohesion and angle of internal 

friction). Therefore, the traditional settlement analysis can 

not consider the coefficients of variation and the stochastic 

settlement analysis is necessary. 

 

4.4 Impacts of horizontal scale of fluctuation on 
standard deviation 
 

In order to elucidate the impact of coefficient of 

variation of uncertain mechanical parameters on stochastic 

settlement of frozen soil foundation, different coefficients  
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Fig. 7 Variability of settlement with different coefficient of variation: (a) COV = 0, (b) COV = 0.1, (c) COV = 0.2 and (d) 

COV = 0.3 
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Fig. 8 Variability of settlement with different horizontal scale of fluctuation: (a) HD = 0.8 m, (b) HD = 1.0 m and (c) HD = 

1.2 m 
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of variation (0.1, 0.2 and 0.3) for the elastic modulus, 
cohesion, angle of internal friction and poisson ratio are 
taken into account, respectively. Table 2 is the different 
groups. The variations of standard deviation for the 
settlement are shown in Fig.7. The variability analysis of 
the settlement for the surface of frozen soil foundation is 
very important, and it can directly affect the safety of 
pipeline foundation. Excessive deformation can cause the 
pipe to be exposed to the frozen soil surface, so the standard 
deviation in Fig.7 represents the settlement for the surface 
of frozen soil foundation. 

The variability analysis of the settlement for the surface 
is very important, and it can directly affect the safety of 
pipeline foundation. Excessive deformation can cause the 
pipe to be exposed to the frozen soil surface and result in 
the erosion of the pipe, so the standard deviation in Fig.8 
represents the stochastic settlement for the surface. From 
Fig. 8(a), it is clear from the line graph that the variability 
of settlement reduces with the horizontal scale of 
fluctuation and time. In detail, when the horizontal scale of 
fluctuation is 2m and vertical scale of fluctuation is 0.8m, 
the variability of settlement drops from 1.58 cm to 0.92 cm; 
when the horizontal scale of fluctuation is 500m and 
vertical scale of fluctuation is 0.8 m, the variability of 
settlement falls from 1.04 cm to 0.57 cm. As shown in Fig. 
8(b)-8(c), the variability of settlement still reduces with the 
horizontal scale of fluctuation and time. For example, the 
variability of settlement drops from 1.41cm to 0.75cm when 
the horizontal scale of fluctuation is 2m and vertical scale of 
fluctuation is 1.2 m. From Fig. 8(a)-8(c), it can be 
concluded that the overall variability of settlement reduces 
with the increase of vertical scale of fluctuation. As we all 
know, the bigger the scales of fluctuation, the smaller the 
variability of mechanical parameter. Therefore, the 
variability of settlement with different scale of fluctuation is 
reasonable. 
 

4.5 Impacts of vertical scale of fluctuation on standard 
deviation 
 

As a matter of fact, the foundation soil is stratified just  

 

 

like rock, which is also caused by crustal movement and 

external weathering. The vertical scale of fluctuation is 

much smaller than the horizontal scale of fluctuation 

because of this layer. In order to elucidate the impact of 

vertical scale of fluctuation of mechanical parameter on 

stochastic settlement of frozen soil foundation, eight values 

of vertical scale of fluctuation (0.4 m, 0.6 m, 0.8 m, 1.0 m, 

1.2 m, 1.4 m, 1.6 m and 1.8 m) for elastic modulus, 

cohesion, angle of internal friction and poisson ratio are 

taken into account, respectively. Table 4 is the different 

groups of vertical scale of fluctuation. The variability of 

settlement with different vertical scale of fluctuation is 

obtained in Fig. 9. 

From Fig. 9(a), it can be seen from the line graph that 

the variability of settlement reduces with the vertical scale 

of fluctuation and construction time. In particular, when the 

vertical scale of fluctuation is 0.4 m and horizontal scale of 

fluctuation is 250 m, the variability of settlement falls from 

1.61 cm to 0.81 cm; when the vertical scale of fluctuation is 

1.8 m and horizontal scale of fluctuation is 250 m, the 

variability of settlement drops from 1.11 cm to 0.55 cm. As 

shown in Fig. 9(b), the variability of settlement still reduces 

with the vertical scale of fluctuation and construction time. 

For instance, the variability of settlement drops from 1.52 

cm to 0.76 cm when the vertical scale of fluctuation is 0.4m 

and horizontal scale of fluctuation is 500m. In this study, a 

special case is considered, which the horizontal scale of 

fluctuation is infinite. It means that only vertical spatial 

variability is considered. The variability results for the 

limiting conditions are shown in Fig .9(c). From Fig. 9(a)-

9(c), it can be concluded that the overall variability of 

settlement reduces with the horizontal scale of fluctuation. 

 

 

5. Discussion 
 

The temperature of frozen soil is very important to 

determine the mechanical properties in permafrost regions. 

This study focuses on the impact of spatial variability of 
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Fig. 9 Variability of settlement with different vertical scale of fluctuation: (a) VD = 250 m, (b) VD = 500 m and (c) VD = ∞ 
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geotechnical properties on settlement for frozen soil 

foundation around an oil pipeline. It is closely related to the 

previous study (Wang et al. 2016). According to Eq.(12), 

the mechanical parameters of frozen soil are closely related 

to temperature. In fact, the impact of temperature on 

mechanical parameters is considered while the impact of 

mechanical parameters on temperature is not considered 

i.e., it is one-way stochastic effect. Therefore, this paper is a 

continuation of the previous study. The deterministic one-

way coupling analyses have been presented and the 

deterministic settlement evaluations have been developed 

(Wu et al. 2010, Wen et al. 2010). The stochastic settlement 

evaluation of this study has a big improvement over 

previous research. The research results of multi-field 

coupling can provide a reference for future coupling 

analysis (Yang et al. 2019, Liu et al. 2019). Second, the 

coefficient of variation of the uncertain mechanical 

parameters needs enough statistical parameter. The Mo-Da 

oil pipeline located in Greater Khingan Mountains, and the 

environment is very terrible (very cold, dry, strong 

ultraviolet and low pressure). Obtaining enough statistical 

parameter needs a lot of material and financial resources. 

Based on the distribution laws of mechanical parameter (Li 

2008), the coefficients of variation for the elastic modulus, 

cohesion, angle of internal friction and poisson ratio are 

made some assumptions at present. Third, the 2D random 

field can accurately reflect the 2D spatial variability, and a 

3D analysis can consider the stochastic interaction of axial 

direction for the frozen soil foundation around an oil 

pipeline. Developing 3D random field theory and local 

average method is very important to estimate the 3D spatial 

variability of geotechnical properties on settlement for 

frozen soil foundation around an oil pipeline. However, this 

study can clarify the influences of spatial variability of 

geotechnical properties on uncertain settlement of frozen 

soil foundation. 

 

 

6. Conclusions 
 

In this study, the structural resistance deterioration, such 

as residual bond strength and load bearing capacity, caused 

by reinforcement corrosion is investigated. A stochastic 

deterioration model is then employed to evaluate the failure 

probability of the corroded RC beam during the service life. 

The results for the flexural strength deterioration due to 

reinforcement corrosion are then examined by the 

experimental and field data available from various sources. 

On the basis of the results from the worked examples 

involving a case study of Ullasund Bridge and RC beam 

subject to reinforcement corrosion, the following 

conclusions are drawn: 1) The proposed approach is capable 

of evaluating the lifecycle performance deterioration of 

concrete structures subjected to reinforcement corrosion; 2) 

Flexural strength decreases significantly after critical 

corrosion level due to significant reduction in bond strength 

loss. Further progress of corrosion causes significant 

reduction in rebar size which in turn widens the crack in 

concrete cover, and consequently reduces both residual 

bond and flexural strength; 3) The proposed stochastic 

deterioration model based on the gamma process can 

effectively assess the structural reliability and the failure 

probability of corrosion affected RC structures, depending 

on many factors such as predefined allowable limit of  

deterioration, concrete cover depth and confinement of the 

concrete. The reliability of the corroded structure decreases 

with the progress of corrosion induced cracking in concrete. 
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