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The proposed methodology for selecting optimal design solutions for oil pipeline laying in the permafrost 
zone is based on probabilistic approach to predicting thermal and mechanical interactions between a buried 
pipeline and frozen soils. It allows choosing the optimal pipeline routing, laying techniques and design param-
eters, in keeping with the principle of minimum initial investment and loss contingency.

Permafrost zone, oil pipeline, reliability function, risk function, cost of risk, total present value, cots-based 
engineering-geocryological map, pipeline laying technique, oil pipeline route

INTRODUCTION 

Most studies of pipeline facilities in the perma-
frost zone currently seeking to ensure the reliability of 
pipeline transport and its safe operations (which in-
volves designing and introducing geotechnical moni-
toring systems, developing software and computati-
onal systems for predicting parameters of pipeline fa-
cilities [Surikov, 2016]; application of and managing 
natural hazard monitoring systems), include analysis 
of hazardous geological processes for the purpose of 
their systema ti zation and risk analysis, as well as pre-
ventive measures against their adverse implications 
[Golofast et al., 2016; Lobodenko and Fedorenko, 
2016]. Specifi cal ly, in the context of permafrost, the 
widely used base soils thermal stabilization method 
allows to preserve soils in the frozen state during the 
entire operating life of a structure [Lobodenko, 2016]. 
Nevertheless, this method is in equal measure unreli-
able, especially in the zone of sporadic or warm per-
mafrost distribution, inasmuch as the applicable heat 
stabili zers depend on climate conditions. The main 
task in designing pipeline facilities is to ensure unfail-
ing ope ration of trunk pipelines under the complex 
natural and climatic conditions [Golofast et al., 2016; 
Surikov, 2016]. 

The proposed here estimation of the pipeline sys-
tem reliability at the pre-project stage by choosing 
the optimal design solutions for laying oil-pipeline in 
the permafrost zone is based on the probabilistic-sta-
tistical approach to predicting thermal and mechani-
cal interactions between oil pipeline and frozen soil 
ba ses, i.e., with permafrost-aff ected soils. Experience 

makes it plain that during the operations of oil trunk 
pipelines oil spill accidents taking place in Russia 
constitute 0.013–0.015 (accidents fraction) per 
1000 km per a year [Nechval, 2005], which means that 
mishaps occur annually. In general, the two main rea-
sons for them tend to be basically reduced to viola-
tion of requirements of technological conditions and/
or disregard of geological (geocryological) condi-
tions.

Technological conditions are subject to recovery 
in the course of repairs, which cannot be said about 
the geological and especially geocryological condi-
tions, being beyond restoration, and given the vast 
areas (within the entire permafrost distribution re-
gion of a geocryological map), the accidents often re-
sult in the pipeline route transfer to a safe distance. 
This imposes higher requirements for the trunk oil 
pipelines safety and reliability in the permafrost zone. 
The permafrost soils quality (bearing capacity and 
deformability) is known to be dictated by their tem-
perature, which is determined by the interplay of cli-
matic factors. The safety of engineering structures on 
permafrost soils, as probability of maintaining their 
strength, is therefore a climate-dependent value vary-
ing in space and time.

The trunk pipelines – frozen bases interaction 
processes (above-ground and on-ground laying) and 
the enclosing environment (underground laying) are 
classifi ed as random processes whose prediction is im-
possible using the existing deterministic approaches. 
Reliability of trunk oil pipelines in the permafrost zo-
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ne can be estimated at the pre-design stage only from 
the perspective of the probability-statistical approach, 
which means giving up the old deterministic methods 
for calculating thermal and mechanical interactions 
between the pipeline and the environment, in favor of 
the novel probabilistic-statistical methods enabling 
risks assessment, which is to various extents provided 
for in the project, and allowing to opt for tho se not 
entailing disastrous economic and ecological losses. 

The choice of optimal design solutions for con-
struction trunk oil pipelines in the areas of permafrost 
distribution includes:

– selection of the optimal pipeline route;
– the choice of the pipeline laying methods with 

the optimal design parameters, e.g., the pile founda-
tion depth for above-ground laying or the thickness 
of thermal insulation in case of burying pipelines in 
permafrost.

Selection of the pipeline route and its laying 
method are carried out based on the problem solution 
optimization, as search for a minimum of the sum to-
tal of the present value of the “oil pipeline – environ-
ment geotechnical” system, consisting of the initial 
cost and cost of risk, which is the cost equivalent of 
the geotechnical system safety, for each region in the 
engineering geocryological map with an area project-
ed for oil pipeline construction. The engineering-
geocryological map with the indicated pipeline laying 
costs (cost-based engineering-geocryological map) 
underlies the design-solution. Its scale is dependent 
on the design stage and varies from 1:10  000 to 
1:100 000. This map is generated by linear program-
ming methods for determining optimal routing which 
is associated with the lowest total present value, and 
provides for defining the optimal technique for a 
pipeline laying along it.

Therefore, to provide a scientifi cally substantiat-
ed selection of the optimal design solutions for pipe-
line construction under the permafrost conditions it is 
necessary to be equipped with: 1. Methods for deter-
mining the reliability function, risk function, cost of 
risk and total present value. 2. Methods for construct-
ing a cost-based engineering-geocryological map. 
3. Methods for selecting the optimal route and opti-
mal technique for oil pipeline projection on this map.

Methods for estimation
of the system reliability function, 

cost of risk, and total present value 
Determination of the reliability function. Analyti-

cal expression of the reliability function: 

 
⎡ ⎤ν τ ≤ ν τ =

= ⎢ ⎥
≤ τ ≤⎣ ⎦
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where Р( t) is reliability f unction; t is the time interval 
for which the reliability function; νi(τ) is i-th coordi-
nate of the process in quality space (loads received by 
a structure) at the moment of time τ; ν τ( )lim

i  is i-th 
coordinate of the boundary of region of admissible 
states (the maximum loads that can be received by the 
structure without its failure) at time τ; n is the number 
of the quality space coordinates (limiting conditions 
for calculating strength and stability).

The conditions ensuring unfailing performance 
of the “oil pipeline–environment” system (Table 1) 
are indicated in the square brackets of expression (1). 
The value of the reliability function at the end of the 
geotechnical system operations is termed the system 
safety:

 Р = P(te),

where te is in-service time. 

 Ta b l e  1. No-failure conditions of the “oil pipeline–environment” geotechnical system 
 (compiled after [Recommendations…, 1974; Tartakovskii, 1976; SP 36.13330.2012])

System Subsystem  Quality preserving condition Logical relation Notations 
Pipeline – 
environment 

Above-ground 
pipeline–
foundation 

From pile foundation stability 
counter vertical forces 

Fu(τ) > F(τ) Fu(τ) – bearing capacity of pile at moment τ; 
F(τ) – pile loading at moment τ

From pile foundation stability 
counter lateral forces 

Y(τ) < Yu Y(τ) – pile head vertical deviation at moment τ; 
Yu – deviation limit 

From pile foundation stability 
counter frost-heave forces

Fy(τ) > Fn(τ) Fy(τ) – forces preventing pile buckling, including 
loading at moment τ; Fn(τ) – frost-heave forces 
acting on the pile foundation at moment τ

Buried pipe-
line–soil base

From pipe material strength σn(τ) < σlim σn(τ) – longitudinal tension in pipeline at mo-
ment τ; σlim – limiting resistance of metal 

From pipe lengthwise stability Fcom(τ) < Flim Fcom(τ) – compressive axial force at moment τ; 
Flim – limiting axial resistance of pipe 

From pipe fl oating up stability Fakt(τ) < Fpas(τ) Fakt(τ), Fpas(τ) – expulsive and retention forces at 
moment τ respectively

On-ground 
pipeline–soil 
base

From pipe material strength σn(τ) < σlim σn(τ) – longitudinal tension in pipeline at mo-
ment τ; σlim – limiting resistance of metal

From pipe lengthwise stability Fcom(τ) < Flim Fcom(τ) – compressive axial force at moment τ; 
Flim – limiting lengthwise resistance of pipe 
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Calculations of the reliability function consist of 
three stages.

Stage one: the selection of the quality space V 
(limiting conditions for unfailing operations of the 
structure), the space of input parameters U and the 
operator of system Ls.

Stage two: solution of the stochastic equation
 v = Lsu, 
where v is the element of space V; u is the element of 
space U; Ls is system operator.

Space U is understood to be the numerical valu-
es of natural and technogenic factors. Ls operator is 
the sequential algorithm for calculating thermal and 
mechanical pipeline – surrounding medium – soil 
base interactions.

Stage three: defi ning the reliability function as 
probability of preserving the system quality during a 

time interval from 0 to te, i.e., the probability of fi nd-
ing the system in the region of admissible states in 
this time interval. 

The third, fi nal stage in determining the reliabil-
ity function appears the most diffi  cult. There are two 
possible ways of implementing it – numerical and 
analytical.

The former, known as the Monte Carlo method 
[Ermakov, 1975], consists in statistical modeling of the 
system behavior under exerted random (i.e. stochas-
tic) eff ects, and the random changes occurring in it.

For its implementation, one needs only to con-
struct a deterministic description of the transforma-
tion of elements u into elements v and repeat it m 
times (several hundreds, and sometimes thousands of 
times), recording the system failures in each test, if 
any occur. The reliability function is then defi ned as 
the complement one of the quotient by dividing the 
total number of failures over time t by the total num-
ber of tests. One of the advantages of the Monte Car-
lo method is its low sensitivity to the system com-
plexity, and that it can be realized in case of both one-
dimensional and multidimensional quality spaces. Its 
disadvantage is the extremely costly computer time 
(the method is fully computer-implemented) and 
com plexity of its results analyses.

The latter approach (analytical) is implemented 
through the involvement of failures known from the 
model reliability theory, given a number of signifi cant 
assumptions, whose error estimation is also made us-
ing numerical method. The numerical method is pri-
marily described as the most universal.

The numerical method consists in multiple ma-
the matical modeling of the process in the soil base – 
engineering structure – environment interactions 
(both thermal and mechanical), whereas the simula-
tion is performed with diff erent values of probabilis-
tic parameters. Statistical estimate of the reliability 
function is based on the simulation results: 
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where Pm(k) is statistical estimation of the reliability 
function; k is the number of years from the onset of the 
geotechnical system operations; n(i) is failure number 
in i-th year; m is number of experiments.

The number of experiments depends on the spe-
cifi ed error of computation and is connected to it by 
the relation 

 
2

0.01
(1 )

Pm
P

=
− Δ

,

where Δ is the specifi ed computational accuracy; P is 
target probability (reliability).

The program algorithm scheme is shown in 
Fig. 1. For fi nding the pipeline stability (core of the 
program) at each stage in time, we calculated thermal 

Fig. 1. Schematic algorithm for calculation of the 
reliability function. 
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and mechanical interaction between structure and 
the environment, and tested the limiting conditions 
listed in Table 1; in the event of the system failure, the 
experiment is interrupted to follow by the failure re-
cording with indication of the time step during which 
it occurred. Otherwise, the experiment proceeds to 
the next time step. The command to continue the 
computation arrives at the core from the cycle time, 
located immediately behind the core. Here, the num-
ber of taken steps is counted and the time-dependent 
parameters selection is performed at each step. If the 
number of taken steps corresponds to the length of 
operating period, the experiment is terminated, to 
form a new one. This process performs a cycle exter-
nal to the cycle time, which pools and counts the 
number of the implemented experiments and selects 
the time-independent parameters for each new ex-
periment. The program terminates the work, once the 
number of experiments corresponds to the specifi ed 
accuracy of calculations. The emerging fai lure does 
not interrupt the program run, rather it on ly indi-
cates that the experiment was unsuccessful, and that 
a new experiment should be started, while the failure 
counter receives one (score). After the cyclic opera-
tions (execution of the program) are completed, the 
program processes the fault counter and estimates the 
reliability function, fi nalizing therewith the program 
work.

The cycle including the selection of parameters 
that are not time-dependent results in the construc-
tion of a geological section with selection of soils 
characteristics. Given that thicknesses of lithological 
layers and all numerical values of soils characteristics 
are believed to obey the uniform distribution law, 
their selection is performed using a pseudo-random 
rav number. This number obeys the uniform distribu-
tion law and is calculated by a special program. The 
value of soil characteristics and layer thickness is de-
rived from the sample by the number of sample which 
coincides with the rav number. Time-varying param-
eters are selected during the cycle time, for example, 
the air temperature. Given that the time-varying pa-
rameters are believed to obey the normal distribution 
law, they are selected using the pseudo-random num-
ber norm calculated by the special program. This 
number obeys the normal distribution law, has a 
mathematical expectation of zero, and a variance of 
one. The value of the selected parameter is derived 
using formula

 u = Mu + norm ⋅ σu,

where u is the value of selected parameter; Mu, σu is 
mathematical expectation (mean of distribution) of the 
parameter and its mean-square deviation.

Some technical parameters, such as the spacing 
between seasonally operating ground cooling systems 
(GCSs), the pile foundation depth for the above-

ground pipeline or thermal resistance of the pipe (cir-
cular) insulation of buried pipeline, exert especially 
strong impacts on the geotechnical system safety, and 
can be equally helpful in directing its alterations. 

Therefore, we call these parameters “controls” 
and use them to modify the system’s safety at our dis-
cretion. In this context, the system performance pre-
diction is activated, which means that having the in-
strument for calculating the reliability function, it is 
possible not only to ascertain the acceptability of the 
design solution, but also to manage it, achieving opti-
mum safety and reliability. On the one hand, the 
higher the reliability, the higher the initial cost C0 of 
the system; on the other hand, it lessens the material 
damage caused by the system failure probability be-
fore its operating period ends. This damage is termed 
cost of risk CR and depends on the reliability func-
tion. There emerges an optimization problem, whose 
solution results in fi nding optimal reliability:

 C = C0 + CR → min. (2)

Solution of equation (2) is illustrated by a dia-
gram in Fig. 2. 

Determination of risk function and estimation of 
risk cost. The potential risk of structures failure is in-
versely proportional to their reliability. The higher 
the reliability, the lesser the unsafety, or, conversely, 
the geotechnical system failure probability, which is 
commonly called risk, and the dependence of the fail-
ure probability on time is the risk function, which is 
related to the reliability function by a simple expres-
sion
 R(t) = 1 – P(t). (3)

The risk function (3) allows to assess the mate-
rial damage that occurs when a geotechnical system 
fails [Khrustalev and Pustovoit, 1988]. This damage is 
called the cost of risk, which, in itself, is the cost 
equivalent of reliability. 

Fig. 2. Graphical determination of optimal reliability.
1 – initial cost (С0); 2 – cost of risk (СR); 3 – total present 
value (С0 + СR).
С – cost; Р – reliability; Рopt – optimal reliability.
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Fig. 3. An example of cost-based engineering-geocryological map.
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To defi ne it, we agree that each failure of the sys-
tem (its breakdown) corresponds to economic losses 
Сec equal to the system repair costs, the costs of elim-
inating the environmental aftermaths and augmented 
by incidental damage caused by the system standstill 
during the repair works. These costs will be termed 
“the penalty function of time”, inasmuch as they de-
pend on time of the failure onset, and written in the 
form

 
(1 ) , ,

( )
0,

reft
res ref e

f
ref e

C E t t
c t

t t

⎧ + ≤⎪= ⎨
>⎪⎩ ,

where te is operating (in-service) period,  yrs; tref is 
time of the failure onset, yr; Е is norm reduction fac-
tor for expenditures occurring at diff erent times; Сres 
is economic losses incurred due to the system failure.

As was already noted, the risk function is one 
complement to the reliability function. Then the den-
sity of the risk function, that is, the failure probability 
in the time interval from t to t + dt will be equal to

 [ ]1 ( )( ) ( )f
d P tdR tp P t

dt dt
−

′= = = − ,

when P′(t) is the fi rst-order derivative of the reliability 
function in time. 
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Knowing the risk function density and the pen-
alty function, it is easy to calculate the mathematical 
expectation of the cost of failure whose value will be 
taken as the cost of risk:

 
0 0

( ) ( ) ( ) ( )R f f fC c t p t dt c t P t dt
∞ ∞

′= = −∫ ∫ . (4)

Given that t is measured in years and the time 
step is assumed to be equal to one year, then formula 
(4) can be rewritten in the following fi nite-diff erence 
form:

 
=

= μ∑
1

( ) ( ) ( )
m

R res
k

C C k K k k ,

 ( ) ( 1) ( )k P k P kμ = − − ,

 ( ) 1/ (1 )kK k E= + ,

where μ(k) is the risk function density in the k-th year; 
k is the year of the structure operations; K(k) is coef-
fi cient for the time (duration ) of failure.

For non-renewable systems, which include, as 
mentioned above, oil pipeline systems that failed due 
to changes in the permafrost-geological conditions 
(the disturbed cryogenic conditions cannot be re-
stored), СR is equal to the remaining value of the geo-
technical system as of the time of failure onset, plus 
incidental damage costs associated with the termina-
tion of the system performance, and the costs of elim-

inating the environmental consequences of the acci-
dent, which can be expressed by the formula

 ( )0 1 /R resC C k m e= − + ,

where С0 is initial cost of the geotechnical system; eres 
is the economic responsibility coeffi  cient equal to the 
incidental damage costs to the initial cost ratio; k is the 
year of the structure’s operations. 

Estimation of total present value. The total pres-
ent value is the sum total of the two components – 
the initial cost of the geotechnical system, i.e., its es-
timated construction costs, and the cost of risk, which 
is the costs of eliminating aftermaths of the accident 
which may arise in the course of the geotechnical sys-
tem operations during its in-service life, reduced to a 
unifi ed time (the time of commencement of the struc-
ture operations).

Given that time is measured in years, and the 
time step is equal to one year, then the formula for the 
total present value can be represented in the fi nite-
diff erence form

 ( )0
1

1 1 ( ) ( )
m

res
k

C C k m e K k k
=

⎡ ⎤
= + − + μ⎢ ⎥

⎣ ⎦
∑ .

It should be noted that the coefficient of eco-
nomic responsibility is made up of the sums of the 
coeffi  cients of diff erent items of recovery costs, which 
include costs of the system repair and the environ-
ment recovery, including repairing the damage to 
vegetation, soils, wildlife, etc.

Methodology for generating cost-based 
engineering-geocryological map 

This is a special engineering-geocryological map, 
whose legend contains the minimal total present val-
ue of the “oil pipeline–environment” geotechnical 
system calculated for each of the mapped regions, 
with account of three known pipe-laying technolo-
gies (underground, on-ground, above-ground).

The engineering geocryological map is generated 
for the entire area of search for the optimal pipeline 
route, with the following group of layers applied: 
a) the depth of bedrock occurrence; b) the section of 
dispersed soils to a depth of 10–15 m (the layer in-
cludes water-physical, mechanical and thermophysi-
cal characteristics of the geological elements iden-
tifi ed in the section); c) average annual temperature 
of permafrost soils with regard to merging perma-
frost type, or the occurrence depth of the top of per-
mafrost soils with regard to non-merging type of per-
mafrost. 

By superimposing the above layers, we obtain an 
engineering-geocryological map for complex evalua-
tion of the target area. An example of such a map is 
shown in Fig. 3. Each of the regions, including water 
barriers (rivers, lakes), is then calculated according 
to the algorithm in Fig. 4. Calculation results with 

Fig. 4. A general scheme for the algorithm. 
In calculations of failure massifs the operators Safety 1, 2, 3 use 
commonly known calculation methods set out in [Recommenda-
tions…, 1974; Tartakovskii, 1976; Velli et al., 1977; Khrustalev, 
2005; SP 36.13330.2012].
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respect to the system reliability and total present 
value are refl ected in the legend of the engineering-
geocryological map, which is termed “cost-based en-
gineering-geocryological map” (Fig. 5).

Fig. 6. Three-layer graph scheme.
1 – grid for above-ground laying; 2 – grid for on-ground laying; 
3 – grid for underground laying; 4 – taxa boundary; 5 – addi-
tional edge with the change-over cost (transition from one 
laying technique to another).

Ta b l e  2.  Cost-related and design parameters of the optimal pipe-line route between control points A and B

Number 
of region

Underground laying Above-ground laying

Рopt, %
Сopt, 

monetary 
unit/LM

Pipe wall 
thickness, 

mm

Pipe insula-
tion thick-
ness, mm

Spacing 
between 
 SCSs, m

Рopt, %
Сopt, 

monetary 
unit/LM

Pipe wall 
thickness, 

mm

Depth of pile 
embedment 
in soils, m

Spacing 
between pile 
supports, m

1 – – – – – 96 37 963 22 10.5 20
3 – – – – – 99 37 963 16 7 20
4 – – – – – 99 38 963 28 7 20
5 – – – – – 99 37 963 16 7 20
6 – – – – – 99 38 963 28 7 20
9 99 33 394 30 20 4 – – – – –

10 84 26 080 24 25 4 – – – – –
11 – – – – – 99 37 963 28 7 20
12 – – – – – 99 37 963 22 10 20
13 85 33 565 20 20 4 – – – – –
15 91 35 777 32 50 10 – – – – –
16 – – – – – 99 55 259 10 9 22

River – 800 000 – – – – 800 000 – – –

N o t e. Рopt – optimal reliability of pipeline laying; Сopt – optimal cost of pipeline laying; SCS – seasonal ground cooling 
system; LM – linear meter.

Methodology for selecting optimal pipeline route 
and best-solution pipeline laying on the basis

of the cost-based engineering-geocryological map 
The optimal oil pipeline route between two con-

trol points on the cost-based map is determined by 
the linear programming method in automatic mode 
providing the calculation algorithm described below.

A three-layer grid (graph) consisting of vertices 
and edges with a length of 1 mm is superimposed on 
the cost-based map, while the regions’ boundaries 
are adjusted so that they pass along the grid edges 
(Fig. 6).

The cost of the region’s total present value is as-
signed to a mesh edge on each layer, which is multi-
plied by the edge length and divided by the map scale. 
The fi rst layer of the grid refl ects the cost of the un-
derground laying, the second – on-ground, and the 
third – above-ground. The mesh vertices, located on 
the border between regions of individual layers, are 
connected with each other by the edges for the transi-
tions from one laying technique to another; and are 
reduced to three change-over types: underground–
on-ground, underground–above-ground, on-ground–
above-ground. The cost values are assigned to the 
transition edges responsible for the change-over from 
one laying technique to another.

Further we build on the grids all possible con-
tinuous chains of edges including the junction edges 
connecting the control points with each other, with 
the total present value calculated for each chain, 
which these can count several hundred or thousands; 
the chain of edges corresponding to the lowest cost is 
taken as the optimal route. 
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Fig. 7. Optimal pipeline route between control points А and В.
1 – underground laying; 2 – above-ground laying. Legend: cf. Legend for Fig. 3. 
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The optimal route is displayed on the map, with 
the fi xed route segments aligned with a certain layer 
of the graph, allowing thereby to simultaneously dis-
play them on the map along with oil-pipeline laying 
techniques in various areas within the stretch of the 
optimal route.

Figure 7 provides an example of engineering-
geo cryological map which includes oil-pipeline route. 
Since the optimal pipeline laying technique is always 
rigidly connected with the calculated control parame-
ters, the design parameters values are given as an at-
tachment to the map (Table 2).

CONCLUSION

The proposed method for choosing best solutions 
for laying the linear part of oil pipeline in the perma-
frost-underlain area is unique, which is corroborated 
by its being based on the probabilistic-statistical ap-
proach to predicting the thermal and mechanical in-
teractions between engineering structures and the 
environment. This approach considers the original 
na tural and technogenic information as stochastic 
and allows taking into account its deviations from the 
nominal values in time and space, ensuring thereby 
evaluation of the pipeline system reliability as prob-
ability of its faultless operation during a given in-ser-
vice time period. Accidents in the pipeline system are 
regarded by this approach as random events which 
have a monetary expression – the cost of risk, which 
is the cost equivalent of reliability. The attached cost 
of risk allows to evaluate the options for technical so-
lutions at the pre-design stage in terms of their reli-
ability rather along with the estimated costs, posi-
tioning thus this process to a new qualitative level. 
The economic eff ect from introducing the proposed 
methodology into production operations today can 
be assessed only qualitatively. It consists in increasing 
the reliability of the “oil pipeline–environment” geo-
technical system, reducing the likelihood of accident 

risk and saving operating costs caused by unsched-
uled repairs.
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