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Abstract: The article presents basic theoretical statements for a method of 
numerical verification of engineering decisions accepted at design of new 
trunklines or remodeling of already existing ones. Numerical verification is aimed 
to guaranteed revealing and effective correction of engineering errors. Such errors 
can result in decrease of reliability, industrial safety, ecological compatibility and 
efficiency of further operation of a designed pipeline. The suggested method is 
based on computational prediction of designed pipeline behavior under rated 
operating conditions and in emergencies. To perform such forecasting it is 
necessary (in addition to the development of pipeline project) to create a set of ad 
hoc computational technologies and high accurate computer simulators. Copyright 
© 2010 Journal of KONBiN. 
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Streszczenie: Artykuł przedstawia podstawowe teoretyczne założenia metody 
numerycznej weryfikacji technicznych – konstrukcyjnych – decyzji podejmowanych 
przy projektowaniu nowych magistrali lub przy przebudowie magistrali już 
istniejących. Weryfikacja numeryczna ma na celu zagwarantowanie wykrywania i 
korekty błędów projektowych. Błędy takie mogą pociągać za sobą zmniejszenie 
niezawodności, bezpieczeństwa, zagrożenia dla środowiska i pogorszenie 
sprawności dalszej pracy projektowanego rurociągu. Zaproponowana metoda 
opiera się na obliczeniowym przewidywaniu zachowania się projektowanego 
rurociągu w warunkach obliczeniowych (nominalnych) i awaryjnych. Aby wykonać 
taką prognozę, konieczne jest (poza projektem rurociągu) stworzenie doraźnego 
zestawu technik obliczeniowych i bardzo dokładnej symulacji komputerowej. 

 

Słowa kluczowe: projektowanie rurociągu, symulacja żywotności / czasu 
użytkowania, dokładna symulacja komputerowa 
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1. Introduction 
 
At present, several global oil and gas trunklines are being designed and built 
in the world. As an example, one can give the Russian Eastern Siberia – 
Pacific Ocean oil and gas pipeline project and the Nord Stream international 
gas pipeline project. Their implementation will enhance the reliability of 
hydrocarbon fuel supply to China, Japan, countries of the European 
Community and remote regions of Russia. The world community pays much 
attention to the issues of safety and ecological compatibility of global 
pipeline systems. Supervisory and environmental authorities require that the 
companies that build or repair such pipelines provide reliability and safety 
assurances. 

Today, in their trunkline design studies, engineers widely use advanced 
CAD systems. These systems provide high degree of work automation and 
significantly accelerate the process of design development (TAGIF, 1990). 
Such systems, however, are focused only on simplified design simulations: 
pipeline structure; specified pipeline operation parameters; predicted 
environmental impact of pipelines. Simplified simulation data are not 
sufficient for providing reliability and safety assurances for pipeline 
designs. 

A promising way to solve the problem encountered is to use high-accuracy 
numerical simulations (Avula, 1987; Seleznev, 2010). In this case, new 
computational pipeline life cycle prediction and analysis technologies need 
to be developed for the verification of engineering decisions. Such 
technologies should rest upon advanced techniques for high-accuracy 
numerical simulations of engineering systems. The prognostic analysis 
needs to be started from the estimation of shape distortions and residual 
stresses that occur in the manufacture of pipes and bends to be used in the 
construction of the designed pipelines (Seleznev, et al., 2009; Hillenbrand, 
2004). Fig. 1 shows an example of making such an estimate for a pipeline 
bend made by ChTPZ-KTS, Russia. The computational kernel of the 
Alfargus/CHTRP-CPS/SOT Computer Analytical System (CAS), is 
constituted by the licensed ANSYS software. ANSYS implements the finite 
element method (FEM) (Stain, 2004). 

Practical implementation of the basic theoretical statements proposed in this 
paper for numerical verification of engineering decisions and assumed in 
pipeline design is supported by the state of the art in computational physics 
(see, e.g., (Ziegler, 1998; Rabotnov, 1988; Warnatz, et al., 2001), numerical 
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methods, computer engineering. 

  
                a)                                                                             b) 

Fig. 1  An example of high-accuracy numerical simulations of making 
 a bend on a COJAFEX PB 1400 pipe-bending machine  

(a – computational model; b – von Mises stress pattern [Pa] in bend walls) 
 
The numerical methods mentioned above include FEM (Stain, 2004), the 
finite volume method (Stain, 2004; Samarskii and Vabishevich, 1995), the 
finite difference method (Stain, 2004), the boundary element method (Stain, 
2004) etc. The availability of reliable licensed continuum mechanics and 
electrodynamics codes in the market is an important encouraging factor for 
high-accuracy verification of engineering decisions. These codes contain 
special parametric programming tools for their integration with CAS as 
computational kernels. Examples of such codes include ANSYS, 
MSC.NASTRAN, ABAQUS, MSC.MARC, CFX, LS-DYNA, Star-CD, etc. 
 
2. Basic theoretical statements of the method 
 
The proposed method of numerical verification of engineering decisions 
rests on the computer-aided prediction of the performance of pipelines being 
designed throughout their expected life cycle, including possible accidents. 
The method basically provides for the setting up and numerical analysis of a 
suite of interrelated mathematical pipeline life cycle models (including those 
for technical pipeline inspection). These models describe: multiaxial 
nonlinear stress state of pipeline structures under operational and emergency 
loads (including damage from predicted disasters and hypothesized terrorist 
acts); performance of pipeline networks under rated and contingency 
conditions; control of oil and gas transmission through pipeline networks 
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under rated and contingency conditions; technical pipeline network 
inspection processes and equipment; changes in pipeline operating 
conditions and modes during repairs of defective pipeline segments; impact 
of pipeline systems on humans and environment under rated and 
contingency conditions. 
For the purposes of computer predictions, we propose that the trunkline 
design study be accompanied by setting up a number of high-accuracy 
computer simulators. Such simulators provide numerical simulations of the 
physical processes that will run in the pipeline system being designed during 
its subsequent operation. 
In the design phase, a set of ad hoc computational technologies is developed 
as well. They are intended for the analysis of specific engineering decisions 
or high-consequence emergency response mechanisms. The state of the art 
in computer engineering, numerical methods of computational physics and 
corresponding licensed software makes it possible to minimize the time 
needed to set up such simulators and to develop ad hoc computational 
technologies. It will allow designers to meet their design phase deadlines. 
The high-accuracy computer simulators and ad hoc computational 
technologies are built upon the adaptation of fundamental mathematical 
models of continuum mechanics and electrodynamics to the description of 
pipeline construction and operation processes, including contingencies 
(Seleznev, et al., 2005; Seleznev, et al., 2009). Such adaptation is performed 
using the rule of minimized required simplifications and assumptions 
(Seleznev, 2007). 
The credibility of mathematical models implemented in simulators and 
computational technologies with respect to the pipeline systems being 
designed and predicted processes of their operation is substantiated 
theoretically and validated by numerical and full-scale experiments. It 
should be emphasized at this point that the required quality of design 
verification cannot be provided with simplified mathematical models. 
Application of such models often leads to errors in estimated parameters of 
physical pipeline operation processes. 
Errors in design decisions are revealed and corrected in the process of 
analyzing the results of numerical experiments, in which the life cycle of the 
pipeline system being designed is simulated using the simulators and 
computational technologies developed. The numerical experiments as a rule 
are focused on a detailed analysis of pipeline behavior under multiple 
effects and changing fluid flow parameters. These effects and parameters 
are typical of critical pipeline operating conditions in different life cycle 
periods. Probabilistic variation of initial data in such studies is simulated by 
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computer pseudo-random number generators. The application of the 
simulators and ad hoc computational technologies is aimed not only at 
revealing errors in designs, but also at developing recommendations for 
their efficient guarantied remediation. 
Note that the computer simulators and computational technologies can be 
integrated into CAS’s by means of customizable interface shells. Such 
CAS’s speed up the process of design approval due to the availability of a 
wider range of intelligent automation solutions to engineers. Such 
automation reduces the number of errors in analyzing design decisions by 
reducing the influence of the human factor. It also enables efficient use of 
numerical design decision verification methods even by those designers, 
who have not been trained in advanced mathematical modeling. 
The ideology of computer implementation of the design decision 
verification method being proposed is expressed in the following 
statements: friendliness due to the customization of the multilevel user 
interface; high degree of design process automation and highly illustrative 
data visualization; completeness of design verification due to the 
comprehensive prognostic analysis of the pipeline’s entire life cycle using 
advanced mathematical modeling techniques; enhanced reliability of design 
decisions due to the combination of several algorithms within a single 
computational technology or a particular computer simulator as applied to 
one problem; credibility of simulation results due to the validation of 
mathematical models and appropriateness of numerical methods for their 
analysis. 
 
3. High-accuracy computer simulators 
 
In pipeline network operation simulations by computer simulators, special 
attention is paid to the credible description of physical processes running 
during the whole life cycle of pipeline systems. In the design phase, such 
physical processes being considered may include: changes in the stress state 
of pipeline structures, pipeline/environment interaction; fluid flow through 
pipelines; impact of technical inspections on pipelines; possible contingency 
scenarios; damage resulting from predicted natural disasters and 
hypothesized terrorist attacks, etc. 
Given the above arguments, application of computer simulators to pipeline 
network design opens up a unique opportunity for designers to improve 
design decisions based on numerical simulations that reproduce real-life 
conditions of pipeline operation as accurately as possible. In addition, the 
computer simulators may serve as one of the basic components of dynamic 
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prognostic analysis of the history of environmental changes in territories 
adjacent to the trunkline. 
Such a process of pipeline network development should be called design on 
the basis of valid predictions of the pipeline’s actual state and full 
spectrum of its operating conditions (Seleznev, et al., 2009).  
High accuracy computer simulators in themselves are ad hoc computer 
programs enabling high-accuracy quantitative analysis of actual space 
and/or time distributions of state parameters and full-spectrum operating 
parameters of the pipeline network. These parameters can be represented as 
functional dependencies on given effects on the network and corresponding 
initial and boundary conditions. This imposes mandatory conditions on 
credible simulations: geometry of pipeline structures; fluid flow in 
pipelines; network equipment operating conditions; dynamics of fluid 
withdrawal by customers; dynamics of fluid feed by suppliers; defective 
pipeline segment repair processes, etc. The above conditions should be met 
taking account of environmental changes, risk of contingency pipeline 
ruptures or leakages, risk of contingencies caused by intrusion of third 
people (including terrorist attacks), etc. 
The computer simulator can be conventionally represented as a composition 
of three basic components. Its first component is a computational scheme of 
the pipeline network composed of universal segments with smallest possible 
differences compared to the real network geometry accounting for its 
structural features, location of pumping equipment and valves, pipeline 
laying conditions, etc. The second component is a database containing 
special-format entries with initial and real-time information on time-
dependent network topology, pipeline performance, process conditions, site-
specific fluid flow control rules, etc. Before placing and organizing this 
information in the database, its management system screens the data to 
preclude unreasonable duplication and to reduce the number of errors in the 
data. The third component of the computer simulator is the simulators’ 
computational kernel, which controls the two above components. The 
simulator’s computational kernel can optionally be integrated with a 
computer interface shell. 
 
4. Computational kernels of simulators 
 
The reasons for choosing specific software for computational kernels of the 
high-accuracy fluid dynamics computer simulators are discussed in detail in 
Refs. (Seleznev, 2010). Therefore, let us consider here only the 
computational kernels of structural computer simulators of pipelines (CSP 
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simulators). The development and particularly verification of in-house FEM 
programs (including pre- and postprocessors, FE and material model 
libraries, set of iterative solvers, advanced scripting tools, etc.) require much 
time and money. Therefore, it is reasonable to use licensed FEM programs 
with required functionality or open architecture allowing extension of 
existing modules as computational kernels. In particular, all of the most 
widely used FEM codes (ANSYS, ABAQUS, LS-DYNA, 
MSC.NASTRAN, MSC.MARC, ALGOR, COSMOSM) possess such 
features and can be successfully used as solvers. It should be noted also that 
well-known ad hoc licensed programs (CAESAR II, TriFlex, CAEPIPE, 
AutoPIPE, PipePak, etc.) intended for design simulations of pipeline 
structures are not suitable in this case, because their functionality is limited 
to the pipeline structural analysis only in the beam approximation. 
When choosing a program for the computational kernel of a CSP simulator, 
one should pay attention to the fact that each of the above licensed FEM 
programs has its own – sometimes strongly different from other programs – 
features of implementing specific FEM models and algorithms. In order to 
avoid confusions, such features need to be learnt and taken into account 
both in choosing a licensed FEM code, and in developing automatic 
numerical pipeline structure analysis procedures in its environment. For 
example, one of the basic reasons for choosing ANSYS as the CSP 
computational kernel could be the presence in this program of the embedded 
scripting language APDL. Intuitiveness along with a broad range of 
functions of APDL remarkably distinguished it (until recently) among other 
licensed FEM codes. For example, as early as in the 1990s, the use of the 
whole spectrum of APDL functions enabled the development in the ANSYS 
environment of fully automated procedures for consecutive numerical 
analysis of trunkline segments in three simulation steps. Following the 
positive experience with ANSYS, advanced scripting and numerical 
analysis automation tools have been incorporated in almost all general-
purpose codes. 
In addition to the embedded scripting tools, performance of automatic 
pipeline structural analysis procedures developed in the environment of 
licensed FEM codes is determined by other individual features of the basic 
FEM code: capabilities and convenience of the preprocessor; suite of 
implemented material models and finite elements; speed of running 
nonlinear problems (convergence rate of implemented numerical 
algorithms). In order to provide the highest possible performance and to 
attract additional potential users, it would be reasonable to develop CSP 
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simulator versions for operation in the environment of the leading general-
purpose FEM codes. For example, a comparison of ANSYS versus 
ABAQUS when used as a CSP simulator kernel can be found in Ref. 
(Aleshin, et al., 2006). It is shown there that appropriate modeling (taking 
account of all individual features of ANSYS and ABAQUS) provides 
almost equal accuracy of simulation data obtained using both codes and 
equal efficiency as applied to practical problems of numerical structural 
analysis of trunklines. 

 
5. Ad hoc computational technologies 
 
In addition to the high-accuracy computer simulators, verification of design 
decisions should include numerical simulations of critical pipeline structure 
components and specific network operating conditions using ad hoc 
computational technologies for special cases in pipeline operation. Among 
the types of pipeline numerical analysis implemented using such ad hoc 
computational technologies, one should first of all consider: 
 High-accuracy computational structural analysis of the carrying capacity 
and lifespan of critical pipeline segments of different types of laying 
considering the influence of the fluids being transmitted, terrain surface, 
environmental conditions, technical inspection data, nonlinear behavior of 
pipe metal, multiple loading, impact of predicted natural disasters and 
hypothesized terrorist attack, etc.; 
 High-accuracy computational fluid dynamics analysis of individual 
contingencies in the transport of fluids (multicomponent gas mixtures or 
multi-phase media) taking account of the operating conditions of valves and 
pumping equipment, terrain surface, environmental conditions, procedures 
and results of technical inspections, delivery contract execution 
environment, possible pipeline leakages and ruptures, repairs, etc.; 
 High-accuracy computational thermal analysis of pipeline operating 
conditions in the areas with frozen soil taking account of environmental 
protection requirements; 
 3D numerical simulations and quantitative analysis of the consequences 
of hypothesized accidents, including identification of critical project 
elements and assessment of impact of possible fluid releases on the 
environment, associated fires, ingress and spread of pollutants in rivers 
(seas); 
 High-accuracy numerical analysis of the performance and efficiency of 
anticipated pipeline technical inspection equipment and techniques taking 
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account of adverse effects of such equipment on pipelines, etc. 
 
6. General algorithm of computer verification 
 
High-accuracy computer verification of pipeline construction or renovation 
projects is enabled by extensive use of high-accuracy computer simulators 
and ad hoc computational technologies to accomplish a set of interrelated 
tasks:  
1) Automatic numerical analysis of the carrying capacity and lifespan of 
trunkline structures of different types of laying considering the pipeline 
operating conditions, terrain surface, environmental conditions, technical 
inspection data, nonlinear behavior of pipe metal, multiple loading, residual 
stresses, etc.; 
2) Numerical analysis of the carrying capacity and lifespan of distribution 
and pumping station piping taking account of environmental conditions, 
technical inspection data, nonlinear behavior of pipe metal, multiple loading 
(including low-cycle loading), etc.; 
3) Numerical analysis of the carrying capacity of the pipeline structures 
subjected to predicted natural disasters and hypothesized terrorist attacks; 
4) Automatic numerical analysis of pipeline structure nonlinear stress state 
to identify pipeline segments prone to global buckling and upheaval risks; 
5) Carrying capacity and lifespan analysis of individual (critical) pipeline 
segments subjected to cyclic load as a result of varying fluid flow 
parameters; 
6) Automatic carrying capacity and lifespan analysis of individual curved 
route pipeline segments with bends; 
7) Carrying capacity and remaining strength analysis of individual pipeline 
segments with tees and fittings; 
8) Structural analysis of building structures associated with trunklines; 
9) Automatic numerical analysis of non-isothermal transient modes of 
multi-phase medium (or homogeneous multicomponent gas mixture) 
transmission taking account of the operating conditions of pumping 
equipment and valves, dynamics of fluid withdrawal by customers, terrain 
surface, environmental conditions, procedures and results of technical 
inspections, delivery contract execution environment, possible pipeline 
leakages and ruptures, repairs, etc.; 
10) Numerical analysis of efficient approaches to reduction of energy and/or 
financial expenditures for accident-free fluid transmission through the 
pipeline network under predicted steady or transient operating conditions; 
11) Simulations to enable scientifically valid placement of fluid flow 
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monitoring sensors to provide optimal and safe fluid flow control and early 
detection of pipe leakages and ruptures; 
12) Numerical analysis of the character and magnitude of dynamic load 
imposed on pipelines by the fluids being transported (to assess the risk of 
pipeline damage in the process of operation as a result of plastic strain 
accumulation by the low-cycle fatigue mechanism and adverse 
environmental effects); 
13) Automatic numerical thermal analysis of soil heating accounting for 
pipeline operating conditions and environmental requirements; 
14) Numerical history analysis and topographic mapping of the areas of 
potential debris impact caused by hypothesized trunkline ruptures; 
15) Numerical history analysis and topographic mapping of the areas of 
hypothesized spread of the fluids being transported taking account of 
environmental conditions based on direct numerical simulations of 
hypothesized accidents associated with ingress and spread of the fluids in 
rivers (seas); 
16) Space-time numerical analysis of fire arising and development caused 
by spread of the fluids in the environment as a result of possible pipeline 
ruptures; 
17) Numerical history analysis and topographic mapping of risk-rating 
zones along the pipeline route based on direct numerical simulations and 
associated stochastic analysis of hypothesized accidents (simulation of 
debris, toxic and thermal impact); 
18) As part of project support activities, numerical analysis of the 
performance and efficiency of planned technical inspections of the designed 
pipeline systems, including numerical analysis of dynamic load on pipelines 
produced by passing pigs; 
19) Numerical analysis of pipeline operating conditions to develop 
scientifically valid and economically efficient inspection and repair 
procedures and network renovation plans. 
It should be noted at this point that the quantitative analysis of the 
consequences of hypothesized accidents is primarily associated with the 
identification of critical project elements and assessment of impact of 
released fluids on the environment, accompanying fires, ingress and spread 
of pollutants in water bodies and rivers. 
 
7. Example of engineering decisions verification 
 
Computer simulators and ad hoc computational technologies constitute the 
major tool of design decision verification. Theoretical fundamentals and 
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features of industrial application of pipeline simulators and ad hoc 
computational technologies have been described in detail in Refs. (Aleshin, 
2006; Seleznev and Aleshin, 2006; Seleznev and Skiteva, 2006; Skiteva and 
Seleznev, 2006; Seleznev and Aleshin, 2008). Examples of setting up and 
using fluid dynamics simulators have been described in Refs. (Seleznev, et 
al., 2009). Therefore, as a typical example of design decision verification, 
this time let us consider the use of a computational structural simulator of a 
single-pipe line segment. 
Computational structural simulators of pipelines are used for evaluation of 
stress state, safety factors and remaining strength of critical pipeline 
segments throughout their life cycle. The basic principles of the 
methodology developed by Aleshin for building and using CSP simulators 
can be summarized as follows (Seleznev, et al., 2005; Aleshin, et al., 2006; 
Seleznev, et al., 2009): 
 The computational model of the segment is generated with minimized 3D 
pipeline geometry simplifications; 
 Multiaxial stress state analysis of pipeline under multiple loading is 
performed taking into consideration material and geometric nonlinearities of 
structure; 
 Simulations embrace all possible combinations of rated, contingency and 
failure loads on the pipeline structure, and a full body of available technical 
inspection data; 
 Numerical structural analysis of pipeline is performed step by step with 
consecutive application of beam, shell and solid FE models and using of 
previous-step results for applying next-step boundary conditions (Fig. 2); 
 Two ways of modeling the nonlinear interaction between a buried 
pipeline and the surrounding soil are used in different steps of the numerical 
analysis: semi-empirical (engineering) constitutive relations for soil 
resistance to longitudinal and transverse pipeline displacements (in step 1); 
simulation of surrounding soil as a 3D elastic-perfectly plastic continuum 
(in subsequent steps); 
 Bearing capacity of pipeline segment is estimated based on the nonlinear 
stresses in its most stressed zones in accordance with safety factors (with 
respect to limit states, failure load, etc.) set forth in regulatory documents, 
and (in special cases) based on the results of direct numerical simulations of 
pipeline rupture. 
Thus, the application of the CSP simulator enables high-accuracy 
assessment of actual safety factors and assignment of the design life of the 
pipeline segment being designed. The CSP simulator built for the pipeline 
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segment being designed can also be efficiently used for numerical 
verification of many other design decisions: assignment of the pipeline 
capacity (maximum allowable pressure); prevention of global buckling of 
curved route segments; seismic stability, etc. 
Throughout the pipeline’s life cycle, its CSP simulator is used for high-
accuracy structural analysis and assessment of remaining strength of 
pipeline segments with any change in design operating conditions and/or 
upon receipt of technical inspection data. 

 
 

Fig. 2  A general flow chart of the step-by-step numerical structural 
 analysis of a buried trunkline segment 

 
8. Conclusion 
 
The method proposed in the paper for the numerical verification of design 
decisions in building new or renovating existing trunklines is now only 
starting to be used in production activities of gas and oil companies. As a 
positive example of its fragmentary application one can give the use of this 
method in design departments of Russian companies Gazprom and 
Transneft and in the Group ChTPZ Company ranking among the leading 
pipe manufacturers in Russia. 
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