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ABSTRACT
The paper develops a scientifically substantiated concept of adaptive integrity management for the Ukrainian gas transmission 
system under the transition to the Industry 4.0/5.0 paradigm and the increasing complexity of operating conditions, including 
wartime impacts, decarbonization of the energy sector, and the prospective transportation of natural gas-hydrogen mixtures. 
A system-based approach to the life cycle analysis of gas transmission system facilities is proposed, integrating physics-based 
modelling, probabilistic reliability assessment methods, and innovative technologies for restoring the technical condition. A 
multilevel management architecture is considered, encompassing the system level of operational optimization, individualized 
analysis of defective sections based on finite element modelling, Weibull and Monte Carlo methods, as well as degradation 
process prediction as an essential component of predictive maintenance. particular attention is paid to adapting repair technol-
ogies to the current technical condition of structures, taking into account corrosion-hydrogen fracture mechanisms and local 
stress-strain states.

KEYWORDS: gas transmission system, adaptive integrity management, Industry 4.0, Industry 5.0, predictive maintenance, 
finite element modelling, hydrogen degradation, corrosion cracking, repair.

INTRODUCTION
the Ukrainian gas transmission system (gts) is one 
of the largest infrastructure complexes in europe and 
performs a strategic role in ensuring the country en-
ergy security, maintaining the stability of energy mar-
kets, and fostering cross-border energy integration. 
At the same time, the current operating conditions of 
the gas transmission infrastructure differ significantly 
from those for which the vast majority of trunk pipe-
lines (tps) and other infrastructure facilities were 
originally designed. changes in natural gas transpor-
tation modes, the use of reverse flows, the increasing 
role of underground gas storage facilities as balancing 
elements of energy systems, the need to ensure resil-
ience against technogenic and wartime impacts (fig-
ure 1), as well as the prospects for transporting natural 
gas-hydrogen mixtures, create new requirements for 
the reliability, durability, and operational safety of 
gts facilities.

Traditionally, ensuring the operability of both TPs 
and the GTS as a whole has been based on a regu-
latory integrity management paradigm founded on 

deterministic design assumptions, standardized safety 
factors, prescribed maintenance intervals, and unified 
criteria for technical decision-making. however, its 
fundamental characteristic is its orientation toward 
describing the most adverse operating scenarios and 
employing conservative assumptions to compensate 
for uncertainties regarding the actual technical condi-
tion. In recent years, it has become increasingly evi-
dent that the capabilities of the traditional regulatory 
paradigm are gradually reaching their limits. Infra-
structure ageing, increasing heterogeneity of operat-
ing conditions, growing requirements for economic 
efficiency and environmental responsibility, as well 
as the need to adapt the gts to new operational de-
mands, call into question the appropriateness of rely-
ing exclusively on standardized approaches to techni-
cal condition assessment and reliability maintenance 
technologies. Under these circumstances, the princi-
pal limitation is no longer the absence of a regulatory 
framework but rather the insufficient capability of ex-
isting methods to account for the individual degrada-
tion characteristics of specific facilities and the actual 
level of risk associated with their continued operation.
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simultaneously, fundamental research in materials 
science, fracture mechanics, diagnostic technologies, 
and repair methods has advanced considerably. Con-
temporary scientific findings demonstrate that the deg-
radation of pipeline steels is governed by the complex 
interaction of structural, mechanical, corrosion-re-
lated, and hydrogen-induced factors evolving across 
multiple length scales, from microstructural materi-
al evolution to the formation of macroscopic defects 
and changes in the operability of the pipeline system 
as a whole. consequently, integrity management in-
creasingly requires the integration of multiscale con-
cepts of material degradation with engineering deci-
sion-making processes and life cycle management of 
critical infrastructure facilities.

This issue becomes even more significant in the 
context of the energy transition and the prospective use 
of existing gts infrastructure for transporting natural 
gas-hydrogen mixtures. Unlike conventional operating 
conditions, hydrogen can substantially affect the de-
formation and fracture mechanisms of pipeline steels, 
alter fracture toughness characteristics, accelerate dam-
age evolution, and generate new sources of operational 
risk. Under these conditions, the traditional technical 
condition assessment criteria, developed primarily 
for natural gas transportation, require reconsideration 
based on current knowledge of the physical mecha-
nisms of hydrogen-induced material degradation.

These trends coincide with the global transfor-
mation of industrial systems within the Industry 4.0 
and Industry 5.0 paradigms. In the context of gas 
transmission infrastructure, the significance of Indus-
try 4.0 lies not only in the implementation of digital 

technologies but, above all, in creating opportunities 
to transition from periodic inspection to continuous 
condition monitoring, predictive analytics, and risk-
based decision-making approaches. At the same time, 
Industry 5.0 extends this concept by integrating the 
principles of human-centricity, resilience, and sustain-
able development. For the GTS, this means transition-
ing from the management of individual components 
to life cycle management of infrastructure facilities, 
from preventive maintenance to adaptive condi-
tion-based maintenance, from capital-intensive com-
ponent replacement to scientifically substantiated life 
extension for safe operation, innovative restoration 
of operability, as well as from process automation to 
scientifically grounded engineering decision support.

At present, the integration of the Industry 4.0 and 
Industry 5.0 paradigms into oil and gas production 
systems remains unsystematic and fragmented. the 
scientific literature demonstrates that the implemen-
tation of Industry 4.0 technologies in gas transmis-
sion significantly improves operational efficiency and 
safety while simultaneously establishing the founda-
tion for more sustainable asset management through 
real-time monitoring, predictive analytics, digital 
twins, and blockchain-based transparency approaches 
[1–4]. At the same time, a number of review studies 
emphasize that the transition to Industry 5.0 is still at 
an early stage of development, and practical imple-
mentation lags considerably behind conceptual and 
theoretical advances [5], particularly in the context 
of comprehensive human-centric models and circular 
economy frameworks. Key systemic barriers remain 
unresolved, including high implementation costs (es-

Figure 1. pipelines damaged as a result of military operations
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pecially for operators outside global corporations), 
limited compatibility with ageing infrastructure, in-
sufficient digital competencies of personnel, increas-
ing cybersecurity risks associated with the expansion 
of the Iot ecosystem, and fragmented management 
practices that result in isolated pilot projects rather 
than comprehensive transformational strategies [6–
7]. meanwhile, contemporary research increasingly 
highlights that the effectiveness of digital transforma-
tion is determined not only by technological factors 
but also by the alignment of digital initiatives with 
long-term business objectives and sustainable devel-
opment goals [8–9]. thus, the transition from a purely 
technology-oriented paradigm to a balanced approach 
that combines productivity with societal and environ-
mental priorities remains a key, yet still insufficiently 
implemented, component of the Industry 5.0 concept.

Accordingly, current challenges necessitate the 
development of a new gts integrity management 
paradigm that integrates advances in fundamental 
materials science, multiscale modelling of degra-
dation processes, risk-based methods for assessing 
structural integrity, Industry 4.0 digital technologies, 
and the Industry 5.0 principles of human-centricity, 
resilience, and sustainable development. Unlike the 
traditional regulatory-oriented model, this paradigm 
envisages scientifically substantiated and adaptive 
integrity management, in which each infrastructure 
asset is considered as a unique system with its own 
individual history of degradation, operation, and re-
sidual service life. In the context of Ukraine post-war 
recovery, the development of new scientifically sub-
stantiated paradigms for critical infrastructure man-
agement becomes particularly important, focusing not 
on merely restoring the pre-war state but on funda-
mentally transforming the principles of infrastructure 
design, operation, and maintenance. Under these con-
ditions, the restoration of the GTS should be regarded 
as an opportunity to transition to a fundamentally new 
level of technological maturity based on the integra-
tion of digital technologies, risk-based integrity man-
agement, and modern fundamental materials science. 
This approach requires abandoning the principle of 
restoring the infrastructure “as it was” in favour of 
creating an adaptive, resilient, and intelligently man-
aged system capable of operating under conditions of 
increased uncertainty, variable loading regimes, and 
emerging energy scenarios, including the transporta-
tion of hydrogen-containing gas mixtures. Within this 
framework, post-war reconstruction becomes a pro-
cess of long-term scientific and technological mod-
ernization, where the key performance criterion is not 
only the restoration of transmission capacity but also 
the enhancement of infrastructure safety, service life, 

and environmental sustainability based on the princi-
ples of Industry 4.0 and Industry 5.0.

ThE AIM
of this study is to summarize the contributions of the 
authors’ research team and to further develop a sci-
entifically substantiated concept of adaptive integrity 
management for the Ukrainian gts under the tran-
sition to the Industry 4.0/5.0 paradigm, which en-
compasses the changing operational conditions and 
extreme impacts (including those associated with 
military activities), energy sector decarbonization 
processes, and the prospective transportation of natu-
ral gas-hydrogen mixtures, through the integration of 
physics-based modelling, probabilistic analysis meth-
ods, and innovative repair technologies.

SYSTEM-LEVEL MANAGEMENT OF ThE 
GTS AS ThE BASIS FOR SCIENTIFICALLY 
SUBSTANTIATED DECISION-MAKING 
AND ENhANCED ADAPTABILITY
One of the fundamental principles of the Industry 
4.0/5.0 paradigm is the adaptability of complex en-
gineering systems, which implies their ability to con-
tinuously adjust operating modes in response to the 
current technical condition, external influences, and 
projected development scenarios. for critical energy 
infrastructure, this means transitioning from rigidly 
regulated operating modes to scientifically substanti-
ated management based on the integration of phys-
ics-based modelling, digital technologies, technical 
condition prediction, and risk-based analysis. Under 
wartime conditions, adaptability becomes the defin-
ing characteristic of the Ukrainian gts, ensuring 
its ability to maintain operability despite significant 
changes in gas flow patterns, damage to individual 
infrastructure components, and changes in operating 
conditions.

Thus, intensive military operations have become a 
catalyst for a fundamental transformation of the oper-
ating principles of the Ukrainian gts. the cessation 
of natural gas transit to the european Union countries, 
the transition to reverse-flow transportation, the un-
even loading of tps, changes in compressor station 
operating modes, and the substantially increased role 
of underground gas storage facilities have created 
new requirements for system management. Under 
these conditions, the traditional approach, in which 
individual pipelines, compressor stations, or under-
ground gas storage facilities are considered indepen-
dent facilities, no longer provides the required level of 
efficiency and resilience. The GTS should instead be 
regarded as a unified multilevel engineering system 
that integrates tps, compressor stations, underground 
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gas storage facilities, wells, automation systems, and 
technical diagnostic systems into a single network of 
interconnected components. Any change in the oper-
ating mode of one component inevitably affects gas 
flow distribution, pressure levels, equipment loading 
cycles, the stress-strain state (sss) of structures, and 
the rate of operational damage accumulation. there-
fore, the optimization objective should not be individ-
ual facilities but the GTS as a whole.

Scientifically substantiated system-level manage-
ment becomes particularly important under conditions 
involving potential damage to individual infrastruc-
ture components. the loss of individual compressor 
stations, changes in the operating modes of under-
ground gas storage facilities, or local damage to tps 
should not be treated as isolated emergency situations 
but rather as one of the possible system operating sce-
narios. this requires the application of adaptive con-
trol algorithms capable of predicting, in real time, the 
consequences of changes in network configuration, 
determining optimal gas transportation modes, and 
minimizing technical and operational risks.

the transmission capacity of the gts is a key 
indicator of its operational performance and it is 
determined by the interaction between pipeline sec-
tions and compressor stations within a unified net-
work of serially and parallel-connected components. 
It depends on the parameters of each section and the 
transportation operating conditions. even for a simple 
single-line gas pipeline, its determination represents 
an iterative problem because hydraulic resistance, 
temperature, and gas compressibility depend on the 
flow rate. For complex multicomponent systems, the 
problem becomes significantly more complicated due 
to the need to coordinate the characteristics of all sys-
tem components and determine a common operating 
point. Within the system approach, this is achieved by 
matching the performance characteristics of the pipe-
line section and compressor stations, followed by fur-
ther refinement of the parameters taking actual operat-
ing conditions into account. to simplify calculations, 
multi-line systems are often reduced to an equivalent 
single-line gas pipeline using the equivalent diameter 
method, followed by iterative refinement of the char-
acteristics of a GTS with an arbitrary configuration. 
the transmission capacity of the equivalent pipeline 
is determined based on the fundamental gas pipeline 
equation formulated for the fully rough pipe zone of 
the turbulent flow [10]:
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where λi is the hydraulic resistance coefficient of the 
i-th gas pipeline; Re is the Reynolds number; η is the 
dynamic viscosity coefficient.

As a result, the performance characteristic of a 
pipeline section of a complex GTS based on Eq. (2) 
can be represented by the following equation:

 PHj
 – PKj

 = cjQ
2, (3)
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d
; j is the section number.

Based on the performance characteristics of com-
pressor stations and pipeline sections of a complex 
gts, a mathematical model of the quasi-steady-state 
operating mode has been developed, enabling the de-
termination of the system transmission capacity and 
its operating parameters. It has been shown that GTS 
capacity can be regulated by taking individual com-
pressor stations out of operation, and the quantitative 
influence of their parameters on the overall operating 
mode of the system has been established. The pro-
posed model can be used to predict the operation of 
the gts in conjunction with underground gas storage 
facilities.

Under conditions of partial utilization of the gts, 
its actual throughput may be significantly lower than 
its transmission capacity, giving rise to the problem of 
optimal operating mode control based on the criterion 
of minimizing energy consumption. One mechanism 
for such control is the sequential shutdown of indi-
vidual compressor stations. When compressor station 
cs-j is taken out of operation under steady-state con-
ditions, the inlet and outlet pressures of the station 
become equal. This makes it possible to determine 
the transmission capacity of the system for different 
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operating configurations. At the same time, shutting 
down cs-1 actually results in the shutdown of the en-
tire system due to an unacceptable pressure drop at 
the inlet of cs-2 [11].

As an example, calculations were performed for 
the soyuz gas pipeline section within the territory of 
Ukraine, assuming that the pipeline crossovers with the 
Trans-Ukrainian GTS were closed. It was established 
that its transmission capacity, under conditions of max-
imum hydraulic efficiency and the rated performance 
characteristics of the gas pumping units (gpUs) along 
the novopskov-khust section, is 92.219 mln m3/day. 
further analysis of the shutdown of compressor sta-
tions (from cs-12 Borova to cs-22 khust) revealed a 
nonuniform effect on the reduction in transmission ca-
pacity: shutting down Borova cs (no. 2) decreases the 
transmission capacity by 14.2 %, Pershotravneva CS 
(No. 3) by 9.7 %, and Makivka CS (No. 4) by 7.2 %, 
whereas for Bar cs (no. 10), husiatyn, Bohorodchany, 
and Khust, the reduction ranges from 2.5 to 2.2 % (Fig-
ure 2). these results indicate that the effect of compres-
sor station shutdown decreases with increasing station 
sequence number within the system, confirming the 
feasibility of controlled regulation of GTS operating 
modes through the selective decommissioning of com-
pressor stations [11].

In addition, the influence of changes in the rota-
tional speed of compressor rotors at cs-1 novopskov, 
cs-2 Borova, and cs-3 pershotravneva was investi-
gated. It was found that reducing the relative rotation-
al speed from 1.0 to 0.8 results in a decrease in the 
system transmission capacity by 7.2, 6.4, and 5.6 %, 
respectively (Figure 3). The obtained results demon-
strate that the effectiveness of this control method is 
higher for compressor stations located closer to the 
beginning of the system [11].

reducing the energy consumption associated with 
natural gas transportation can be achieved through the 
efficient utilization of underground gas storage (UGS) 
facilities, which serve as both intermediate gas sourc-
es and consumers within the gts.

Optimization of tp operating modes includes de-
termining the transmission capacity, calculating opti-
mal operating conditions for a specified throughput, 
and developing system expansion strategies. It is 
based on the integration of design data, operational 
statistics, and predictive assessments and is imple-
mented using hybrid mathematical models that com-
bine dynamic programming methods with reliability 
theory. This approach makes it possible to determine 
the optimal operating modes of compressor stations, 
the configuration of gas pumping units (GPUs), and 
the load distribution while minimizing gas transmis-
sion costs.

the mathematical description of gas transporta-
tion processes is based on steady-state and transient 
models. Steady-state models establish relationships 
between the parameters of system components, 
whereas transient models, based on partial differential 
equations, describe the time-dependent evolution of 
pressure and flow rate. Their formulation is based on 
the conservation equations of mass, energy, and mo-
mentum, followed by parameter identification using 
experimental data.

the complete mathematical model includes rela-
tionships for compressor stations and pipeline sec-
tions:

● for compressor stations

F1(PBi
, PHi

, Qi, Ri, ni, Ni) = 0;
● for pipeline sections

F2(PHi
, PBi+1

, Qi) = 0,
where PBi

 and PHi
 are the inlet and outlet pressures 

of the i-th compressor station; Qi is its throughput; Ri 
is the number of GPUs at the i-th compressor station 
of the total power Ni operating with rotor rotational 
speed ni.

the optimality criterion is the minimization of en-
ergy consumption while ensuring a specified level of 

Figure 2. effect of compressor station shutdown on the system 
transmission capacity

Figure 3. Regulation of the system throughput by varying the com-
pressor rotor rotational speed: 1 — cs-3; 2 — cs-2; 3 — cs-1
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gas supply reliability. The optimal control problem is 
formulated as a discrete dynamic programming prob-
lem in which the daily operating cycle is divided into 
time intervals, and the optimal configuration of GPU 
operation is determined for each interval. the mini-
mization of the total cost is performed according to 
the Bellman principle, taking into account the costs 
associated with transitions between system states. 
the developed model integrates energy consumption 
and losses caused by gas supply unreliability, while 
its accuracy depends on the quality of the statistical 
data. A comparison between the calculated and actu-
al operating modes of the mobile gas pumping units 
demonstrates satisfactory agreement, confirming the 
practical applicability of the proposed approach for 
predicting and optimizing gts operating modes [12].

INDIVIDUALIZED ASSESSMENT 
OF ThE TEChNICAL CONDITION OF GAS 
TRANSMISSION SYSTEM COMPONENTS 
BASED ON FINITE ELEMENT 
AND PROBABILISTIC APPROAChES
the transition from system-level gts management 
to the implementation of adaptive operating strategies 
inevitably requires a shift toward an individualized 
assessment of the technical condition of its compo-
nents. In this context, it is important to emphasize that 
individualized decision-making constitutes an inte-
gral part of the Industry 5.0 paradigm, complement-
ing the principles of Industry 4.0 by moving beyond 
purely digital and automated optimization toward hu-
man-centric, context-dependent, and physics-based 
management of complex engineering systems. for 
critical infrastructure, this implies the need to consider 
the unique operating conditions of each system com-
ponent, its actual technical condition, loading history, 
and degradation processes when making management 
decisions. At the gts level, this leads to a fundamen-
tal conclusion: the global adaptability and resilience 

of the GTS are determined by the combination of the 
local conditions of its structural components. It is 
precisely in regions of geometric anomalies, welded 
joints, corrosion damage, and operational degrada-
tion that the conditions governing the limiting state 
of pipelines are formed. therefore, effective integrity 
management of the system is possible only through an 
individualized assessment of each critical component, 
taking into account its actual operating conditions.

Under real engineering conditions, defects exhibit 
complex three-dimensional geometries, and their in-
fluence on the load-bearing capacity of structures is 
highly nonlinear and localized. Additional complex-
ity arises from the stochastic nature of the mechanical 
properties of materials, resulting from microstructural 
heterogeneity, manufacturing history (particularly field 
welding), and service-induced degradation, including 
corrosion-hydrogen degradation processes. this makes 
an adequate assessment of limit states impossible with-
in the framework of purely deterministic or code-based 
averaged models. consequently, an integrated approach 
is required in which finite element modelling (FEM) 
serves as the basic tool for reproducing the local SSS 
and damage state in regions containing geometrically 
complex defects, including the vicinity of field or repair 
welded joints. FEM makes it possible to account for 
actual loading conditions, three-dimensional stress con-
centrations, and the interaction between structural com-
ponents, which is critical for the accurate description of 
fracture mechanics in pipelines during service.

The first stage of numerical assessment of the tech-
nical condition of a pipeline component (pc) is the pre-
diction of the temperature field evolution during welding 
heating. The spatial and temporal temperature distribu-
tion is governed by conductive heat transfer processes, 
for which the relationship between time τ and the tem-
perature field T = T(r, β, z) (Figure 4) is described by 
the three-dimensional heat conduction equation. In the 
present case, the heat source is the welding arc (or an-
other concentrated heat source) with a power of qi. the 
energy distribution within the heating zone for typical 
welding processes can be described by a normal distri-
bution function. Heat dissipation from the surface of the 
structure occurs through radiant heat transfer, heat dissi-
pation to the ambient atmosphere, and the tooling. Ac-
cordingly, the heat flux from the surface of the compo-
nent due to radiation and convection depends on both the 
surface and ambient and temperatures is quantitatively 
described by the Stefan‒Boltzmann and Newton‒Rich-
mann laws, respectively [13].

Subcritical failure of pipelines and pressure vessels 
manufactured from typical structural steels and alloys 
is associated with plastic deformation of the structure 
metal; therefore, strain-based approaches are appropri-

Figure 4. schematic representation of a pc with a local external 
metal loss defect
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ate as fracture initiation criteria. In the absence of sharp 
geometric stress raisers (in particular, for a defect-free 
pc or in the presence of local metal loss defects), the 
dominant failure mechanism is ductile fracture, which 
is characterized by the nucleation of uniformly distrib-
uted pores. To pore nucleation during plastic flow of 
the material under non-isothermal conditions, a modi-
fied Johnson‒Cook criterion is proposed. According to 
this criterion, initial porosity with a volume fraction of 
f0 develops within a given volume of the material when 
the cumulative equivalent plastic strain exceeds a spec-
ified critical value [14].

The mathematical formulation of the coupled prob-
lem involving the kineties of the temperature field, the 
development of the sss, and micropore formation is 
based on the finite element formulation. The increment 
of the strain tensor (taking into account the presence 
and uniform distribution of micropores) can be repre-
sented as follows [15]:

 ( )d d d d d 3 ,ε = ε + ε + δ ε +e p
ij ij ij ij T f

 (4)

where dεe
ij , dε

p
ij , δijdεt, and δijdf/3 are the components 

of the strain tensor increment associated with elastic 
deformation, instantaneous plastic deformation, the 
kinetics of the nonuniform temperature field, and po-
rosity, respectively.

The tensors of mechanical stresses σij and elas-
tic strains dεe

ij  are related through the generalized 
hooke’s law, i.e.,

 
( ),

2
σ − δ σ

ε = + δ σ + ϕij ije
ij ij K

G  
(5)

where σ is the mean value of the normal components 
of the stress tensor σij, i.e., σ = (σββ + σzz + σrr)/3, 
K = (1–2ν)/E is the bulk modulus.

the increment of the instantaneous plastic strain 
dε p

ij , resulting from the stress state within a particular 
finite element (FE), can be calculated using the linear 
relationship between the scalar function Λ and the de-
viatoric component of the stress tensor, namely:

 
d d ( ).ε = Λ σ − δ σp

ij ij ij  (6)

The specific value of the function Λ depends on the 
stress state in the considered region of the structure, as 
well as on the shape of the material yield surface Φ, 
which is characterized by the yield stress σs:

 dΛ = 0 if σi < σs;  
 dΛ = 0 if σi = σs;  
 state σi > σs is inadmissible. 

(7)

Based on the above, the strain tensor increments 
can be represented as the superposition of the incre-
ments of the corresponding components:
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where the superscript “*”denotes the corresponding 
quantity from the previous load increment, and ψ is 
the material state function defining the condition of 
plastic flow according to the von Mises criterion, with 
additional consideration of the reduction in the effec-
tive net cross-sectional area of the finite element due 
to the formation of discontinuities within the frame-
work of the tn model [16].
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the criterion for the initiation of macroscopic dam-
age in the PC is the onset of plastic instability of the po-
rous material, taking into account its limited ductility in 
accordance with the McClintock criterion, which can be 
expressed mathematically as follows [17]:

 ( )( )
1 ,

2 1.5 1 2 3
ε − ε

Ψ > +
σ ε −

p
f

p
iG T, f

 

(10)

where εf is the ultimate strain of the material, which, 
in the general case, depends on the severity of the 
stress state.

In addition, substantial porosity development in 
the material through a ductile mechanism causes a 
significant increase in the true stresses in the structure 
metal and, consequently, its failure. therefore, to for-
mulate a correct and numerically stable failure crite-
rion for the structure, the following condition may be 
added to eq. (9):

 σs → 0. (11)

Using eq. (9), the critical volumetric porosity con-
centration, which is equivalent to the boundary transition 
defined by Eq. (11) and constrains the applicability of 
the proposed models through the condition of unaccept-
able defectiveness, can be estimated as follows:
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In the case of a low level of stress triaxiality, the 
increase in local stresses may not be accompanied by 
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significant plastic flow, and the initiation of macro-
scopic failure occurs through a brittle micro-cleavage 
mechanism. therefore, an additional failure criterion 
for the porous material is that the true stress intensity 
exceeds the micro-cleavage stress, SK:

 

1 .
1 2 3

σ
≥

− KS
f  

(13)

thus, conditions (10), (12), and (13) constitute a 
comprehensive criterion for ductile-brittle fracture of 
the material, taking into account the evolution of its 
yield surface during plastic deformation and precriti-
cal damage accumulation.

At the same time, a deterministic result of fem 
analysis alone is insufficient for assessing the actu-
al reliability of a structure, since the fracture process 
is inherently probabilistic. Therefore, the next level 
of modelling involves the application of statistical 
models, in particular the Weibull distribution, which 
makes it possible to describe the scatter in strength 
characteristics, critical strains, and fracture initiation 
parameters. This provides a physically substantiated 
means of accounting for the microstructural uncer-
tainty of the material and the statistical nature of dam-
age initiation. A rational approach is to characterize 
the structure condition through a statistical interpre-
tation of the SSS obtained by the finite element meth-
od. for pipelines and pressure vessels without sharp 
stress raisers, the probability of failure can be deter-
mined by integrating the principal stress field over the 
characteristic area of the weakest cross-sections, thus 
allowing the evaluation of the overall probability of 
structure failure [18]:

 
( )1

1
0
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σ
σ

σ

  σ −
 = − − σ > 
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∫
S
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(14)

where S0 is the material constant characterizing the 
spatial scale of the transition from microdamage to a 
macrodefect.

The accuracy of the probabilistic assessment ac-
cording to Eq. (14) is determined by the adequacy of 
the Weibull distribution parameters for the specific 
problem under consideration. To simplify the analysis, 
it is assumed that the probabilistic nature of fracture is 
manifested at stresses exceeding the plastic flow stress, 
σflow, which is defined as σflow = (σt + σy)/2. for structur-
al materials, parameter nσ is generally taken within the 
range of 3–4. It has been shown that the influence of the 
geometry of isolated defects on the model coefficients 
is insignificant over a wide range of geometric varia-
tions and is governed predominantly by the character-
istics of the finite element discretization. Consequently, 
the coefficient Bσ may be regarded as a material prop-

erty for a given stress state and the characteristic scale 
of the problem.

An alternative approach to evaluating the probabili-
ty of failure of welded components and pressure vessels 
without sharp stress raisers under conditions of intensive 
plastic deformation is based on integration of the equiv-
alent plastic strain field, i.e. [18]:

 

1 exp ,
  ε −
 = − −  
   
∫ B S

 
(15)

where Aε, Bε, and nε are the Weibull parameters.
It is assumed that, for structural materials, a 

non-zero probability of failure arises at the onset of 
macroscopic plastic deformation, i.e., Aε ≈ 0.887σy/E,   
which is negligible compared with the equivalent 
plastic strain at the limit state. Parameter ησ, char-
acterizing the material susceptibility to fracture, is 
typically taken within the range of 3–4, which corre-
sponds to ηε ≈ 5. Accordingly, the principal objective 
of the strain field analysis for a defective pipe under 
the limit internal pressure is to determine the Weibull 
distribution parameters Bε in eq. (15), taking the ma-
terial properties into account.

Of practical interest is the comparison of numer-
ical simulation results with code-based approaches 
for assessing the limit state of corroded pipelines. In 
particular, the DNV-RP-F101 (1999) standard estab-
lishes failure the criterial dependencies relating the 
geometry of corrosion-erosion defects to the limit 
pressure, whereas in Ukraine the standard DstU-n B 
V.2.3-21:2008 is applied, which is based on the as-
sessment of the residual safety factor using both de-
sign specifications and operational data.

A comparative analysis performed for a pipeline 
(D×t = 1420×20 mm, x65 steel) containing a local 
corrosion defect (2s×2u = 100×50 mm) shows that the 
P0,002 curve (corresponding to a probability of failure 
p = P0.002) agrees well with the limit relationships spec-
ified in DNV-RP-F101, whereas the Pmax curve exhib-
its a substantially different shape and pressure levels 
(figure 5). At the same time, according to DstU-n B 
v.2.3-21:2008, the P0.002 curve adequately describes the 
condition of a pipeline containing shallow wall-thinning 
defects. for defects of intermediate and critical severi-
ty, the corresponding states fall between the P0.002 and 
Pmax curves, which effectively corresponds to different 
probabilities of failure and different levels of conserva-
tism of the code requirements. Significant discrepancies 
between the numerical methodology and DSTU-N B 
V.2.3-21:2008 were identified for defect depths exceed-
ing 0.5 of the pipeline wall thickness. this is explained 
by the fact that the code-based approaches account for 
the transition from ductile to brittle fracture through 
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stress intensity criteria, resulting in more conservative 
assessments. comparison with Dnv-rp-f101 indicates 
that, in some cases, the influence of the brittle fracture 
mechanism may be overestimated even under condi-
tions of high stress concentration. therefore, the appli-
cability of the proposed numerical methodology should 
be limited to defects with a depth not exceeding 0.5 of 
the wall thickness and a length at least five times greater 
than the defect depth. Based on this approach, equiprob-
ability diagrams relating the limit pressure to the geom-
etry of corrosion-erosion defects can be constructed, as 
well as generalized surface diagrams correlating defect 
length, defect depth, and allowable pressure for a speci-
fied probability of failure (Figure 6).

further generalization is achieved through the 
Monte Carlo method, which enables the generation of 
multiple realizations of material properties, defect ge-
ometries, and loading conditions. As a result, the com-
plete probability distribution of failure is obtained, 
rather than a single limit-state value, providing the 
basis for risk-based and individualized decision-mak-
ing. The probability of failure, p, is determined as the 

frequency with which the limit state is reached with-
in a representative sample of realizations. A widely 
used approach for accounting for the stochastic nature 
of material properties and loading conditions is the 
application of the Weibull distribution. At each step 
of the numerical simulation, the value of the random 
variable X for a finite element is generated according 
to the prescribed probability distribution (Weibull), 
ensuring statistically consistent realizations of the sys-
tem parameters within the monte carlo framework:

 
( ) ( )

1

ln 1 ,η= − − − +   Xijk X X XX RND B A A
 

(16)

where AX, BX and ηX are the Weibull parameters for 
characteristic Х; RND is a random number uniformly 
distributed over the interval [0; 1].

As an example of application of the developed 
numerical approach, a steel pc (D = 1420 mm, t = 
20 mm) containing an isolated semi-elliptical local 
wall-thinning defect on the external surface of the pipe 
(2s = 20 mm, 2c = 20 mm, a = 20 mm) was consid-
ered. the material was 17g1s-U steel (E = 206 gpa, 

Figure 5. Comparison of the results of probabilistic analysis of the condition of a TP element (D×t = 1420×20 mm, Х65 steel) con-
taining an isolated corrosion metal loss defect of varying depth a (2s×2u = 100×50 mm) with the requirements of current standards: 
a — Dnv-rp-f101, 1 — Pmax, 2 — P0.002, 3 — PDnv; b — DstU-n B v.2.3-21:2008, 1 — Pmax, 2 — critical, 3 — significant, 4 — 
moderate, 5 — P0.002

Figure 6. Equiprobability acceptability curves for a local wall-thinning defect in a PC D×t = 1420×20 mm, 17g1s-U steel): a — as 
a function of the critical probability of failure (2s×2u = 100×50 mm), 1 —  p = 0.03, 2 — p = 0.01, 3 — p = 0.005; b — as a function 
of the wall-thinning defect length (р = 0.01, 2u = 50 mm), 1 — 2s = 25 mm, 2 — 2s = 50 mm, 3 — 2s = 75 mm, 4 — 2s = 100 mm
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ν = 0,3, σy = 365‒490 MPa, SK = 800‒1000 MPa). 
the criterion for ductile pore nucleation uses a strain-
based approach, according to which damage initiation 
occurs when the accumulated equivalent plastic strain 
exceeds the critical value εc, corresponding to the for-
mation of uniformly distributed discontinuities with 
an initial pore volume fraction of f0 = 0.001‒0.010. 
Within the adopted parameter ranges, the input ma-
terial properties are described by the Weibull dis-
tribution: for σy (Aσ = 365, Bσ = 450, ησ = 4), for f0 
(Af = 0.001, Bf = 0.0052, ηf = 2), and for SK (AS = 800, 
BS = 937, ηS = 4).

comparison of the deterministic and stochastic ap-
proaches to sss assessment shows that the maximum 
stress values within the defect are similar; however, 
the stochastic model (Monte Carlo) produces sub-
stantially higher local stress gradients owing to the 
spatial variation of mechanical properties, primarily 
the yield strength (figure 7). since ductile fracture is 
a localized process, accounting for spatial uncertain-
ty has a significant influence on the evaluation of the 
limit pressure Pr, reducing the discrepancy between 
the predicted and the actual structure condition. thus, 
the combination of FEM, Weibull statistics, and the 
Monte Carlo method enables the transition from 
code-based averaged approaches to an individualized, 
physics-based, and risk-oriented analysis of GTS 
components. Within the Industry 5.0 paradigm, such 
individualized decision-making becomes a key prin-
ciple for the management of critical infrastructure.

TEMPORAL DIMENSION OF INTEGRITY 
MANAGEMENT: PREDICTIVE 
MAINTENANCE AND CONDITION 
FORECASTING OF ThE GTS
Within the Industry 4.0/5.0 paradigm, where adaptabil-
ity, real-time data, and intelligent decision support are 
regarded as the fundamental system-forming principles, 
the temporal dimension of gts integrity management 
becomes of paramount importance. Whereas the pre-
vious sections focused on the spatial heterogeneity of 
infrastructure facilities and the need for individualized 
assessment of their performance, this section logically 
extends the concept toward forecasting the evolution of 
the technical condition over time. consequently, gts 

integrity management evolves from a static assessment 
to a dynamic one, in which not only the current condi-
tion but also its evolution path under the influence of 
operational, corrosion-hydrogen, and external factors 
becomes the key consideration.

modern approaches to predictive maintenance are 
based on the integration of physics-based material 
degradation models, non-destructive testing (nDt) 
results, and operational monitoring data. In the con-
text of tps, this implies a transition to a model of con-
tinuous updating of residual life assessments, in which 
each new measurement refines the predicted evolu-
tion of damage. At the same time, within the Industry 
5.0 framework, predictive maintenance acquires an 
additional dimension, namely the individualization 
of decision-making. this means that forecasting the 
condition of GTS components is no longer based on 
averaged models but instead accounts for the unique 
characteristics of each asset, including its operating 
history, local loading conditions, spatial heteroge-
neity of material properties, diagnostic results for 
specific defects, and the criticality of the component 
within the overall system. consequently, the concept 
of a personalized engineering asset is established, in 
which the maintenance strategy is determined not by 
generalized regulations but by the individual degra-
dation trajectory of the asset, for which appropriate 
analytical and instrumental approaches have been de-
veloped.

It is well known that, during the long-term oper-
ation of underground tps, various forms of environ-
mental degradation may develop, including coating 
delamination and the formation of wall defects, par-
ticularly corrosion defects. the most hazardous phe-
nomenon, which is difficult both to predict and to pre-
vent, is stress corrosion cracking (scc). According 
to statistical analyses reported by various researchers, 
the proportion of trunk TP failures, caused by SCC 
ranges from 24 to 36 %. Given both the severity and 
the widespread occurrence of SCC, this problem re-
mains highly relevant, while investigating the mech-
anisms governing its development is of considerable 
scientific and practical importance. The need for a 
more comprehensive understanding of scc in tps 
determines the importance of conducting fundamental 

Figure 7. Examples of equivalent stress distributions in a pipeline (D×t = 1420×20 mm, 17g1s-U steel) containing an external corro-
sion defect (2s×2c×a = 20×20×10 mm) under the limiting internal pressure of 14.0 mpa: a — finite element analysis; b — calculation 
using the monte carlo algorithm
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research and developing new approaches for assess-
ing the probability of its initiation and propagation.

to investigate the mechanisms governing scc in 
TPs, a unique scientific approach has been developed 
and applied based on laboratory simulation of SCC 
factors under conditions equivalent to actual service 
environments. this approach is founded on a novel 
methodology for assessing the susceptibility of pipe-
line steels to SCC by simulating the combined effects 
of external and internal factors. for this purpose, the 
coefficient KS is proposed, which accounts for chang-
es in the plastic properties of the metal in a corrosive 
environment relative to its properties in air [19]:
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where ψair and ψsol are the reduction in area of the 
specimens tested in air and in the corrosive solution, 
respectively; s0 is the initial cross-sectional area of the 
specimens before testing, mm2; s1

air and s1
sol are the 

cross-sectional areas of the specimens at the fracture 
location after testing in air and in the corrosive solu-
tion, respectively, mm2.

changes in the mechanical properties under the 
combined influence of SCC factors can be evaluat-
ed using the property degradation coefficients Fх (for 
elongation at fracture Fδ, ultimate tensile strength Fσt

, 
and yield strength Fσy

) relative to the corresponding 
values measured in air:
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where Fair and Fsol are the average values of the cor-
responding properties measured in the corrosive solu-
tion and in air, respectively.

To quantitatively assess the SCC susceptibility of 
pipeline steels, a series of laboratory investigations 
was conducted in which physical simulation of scc 
factors which can be present in the TP section (cor-
rosive environment is model soil electrolyte, ns4 
solution was performed, namely cathodic protective 
potential,  accumulated stress cycles, stress raisers, 
periodic wetting with the solution, and the presence 
of different types of polymeric coatings) [20]. slow 
strain rate testing (ssrt) of x70 steel specimens 
demonstrated that shifting the potential toward the 
cathodic region (Ecorr → –1.0 V → –2.0 V) increased 
the post-fracture cross-sectional area of the specimens 
compared with those tested in air (specimens 1, 2, 
and 12), indicating an increased susceptibility of the 
steel to brittle fracture.

At the same time, at a potential of −1.0 V, differ-
ences in the SCC susceptibility of X70 steels having 
different structural characteristics may become ev-
ident. In particular, fracture of the specimen taken 
from pipe B was accompanied by plastic deformation 
(figure 8, a, curve 3), and its post-fracture cross-sec-
tional area (figure 8, b, photo 3) was smaller than that 
of the specimen taken from pipe A (4.35 mm2 versus 
6.07 mm2, respectively). the corresponding values of 
coefficient KS were 1.31 and 1.70. thus, metal con-
taining a lower level of nonmetallic inclusions and a 
finer pearlitic constituent exhibits lower susceptibility 
to scc under otherwise identical conditions.

According to DSTU 4219:2003, the specified range 
of the protective polarization potential is −0.85 to 
−1.15 V (relative to the copper/copper sulfate reference 
electrode, CSE), corresponding to −0.75 to −1.05 V. 
the corrosion-mechanical properties of x70 steel were 
investigated at a potential close to the maximum pro-
tective value (−1.00 V) under different combinations 
of scc-promoting factors. fracture of the specimens 
at −1.00 V potential (Figure 8, a) during complete im-
mersion in the ns4 solution (curve 2), under periodic 
wetting with the solution (curve 6), after cyclic loading 
followed by periodic wetting (curve 7), in the pres-
ence of a polymer primer layer with periodic wetting 
(curve 9), and after cyclic loading in the presence of a 
polymer primer layer with periodic wetting (curve 10) 
occurred with virtually no plastic deformation. for 
all specimens, the cross-sectional area increased by 
52–66 % compared with specimens tested in air. The 
corresponding values of coefficient KS were 1.70 (spec-
imen 2), 2.15 (specimens 6 and 7), 2.07 (specimen 8), 
1.75 (specimen 10), and 1.7 (specimen 9).

the fracture curves of specimens tested in the 
solution after prior cyclic loading (curve 4) exhibit 
a short region of ductile fracture. the cross-section-
al area of these specimens is approximately 65 % 
larger than that of the specimens tested in air, with a 
corresponding coefficient of KS = 1.65. the fracture 
curves of specimens containing stress raisers differ 
from those discussed above by exhibiting significant-
ly lower elongation (figure 8, a, curves 5 and 8). the 
post-fracture cross-sectional area of these specimens 
(specimens 5 and 8) is larger than that of specimens 
2, 6, 7, 9, and 10, reaching 40 mm2, while the corre-
sponding SCC susceptibility coefficients KS are 1.87 
and 2.07, respectively. It should be emphasized that, 
at a potential of −1.0 V, the fracture surfaces of all 
specimens except specimen 3, tested under differ-
ent combinations of SCC-promoting factors, contain 
a brittle fracture component (Figure 8, b, photos 2, 
4–10), the fraction of which is greater than that ob-
served at the corrosion potential. the values of coef-
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ficient KS vary from 1.65 to 2.15. the factors exerting 
the strongest influence on SCC susceptibility at this 
potential are the presence of stress raisers and period-
ic wetting with ns4 solution.

specimens 2–7 underwent plastic deformation 
during testing, resulting in the characteristic necking 
in the fracture region. Their fracture surfaces exhib-
ited a ductile fracture mode, while the values of co-
efficient KS ranged from approximately 1.04 to 1.56. 
the fracture surfaces of specimens 8–15 differed 
from those described above: visually, they exhibited 
a smaller degree of plastic deformation and, conse-
quently, higher values of coefficient KS, ranging from 
approximately 1.6 to 3.5. During the investigation of 
the causes of failure of a 1420×15.7 mm tp, the re-
maining wall thickness in the failure region adjacent 
to the corrosion crack was approximately 35–40 % of 
the nominal wall thickness, and the fracture surface 
(Figure 9) exhibited many features similar to those 
observed under laboratory conditions. This corre-
sponds to a coefficient value of KS = 1.6.

the corrosion rate of x70 steel in the solution af-
ter exposure of the coating to the solution at 20 °c for 
1 month increased by nearly 13 %, from 0.089 mm/

year in the original solution to 0.101 mm/year in the 
solution that had been in contact with the coating. In 
contrast, after 2.5 months of contact with the coat-
ing, the corrosion rate decreased by 76 %, reaching 
0.021 mm/year (figure 10). At 60 °c, the variation in 
the corrosion rate of x70 steel followed a similar trend, 
increasing to 0.09 mm/year after 1 month and subse-
quently decreasing to 0.012 mm/year after 2.5 months.

to determine the effect of cathodic polarization 
on the properties of the protective coating, cathodic 
delamination tests were carried out using a delamina-
tion laboratory test stand (Figure 11). At a potential of 
−1.45 V, the degradation process proceeds more in-
tensively than at the corrosion potential, as confirmed 
by the increase in the coating radius of delamination 
from the substrate (11.0 mm at Ecorr to 17.0 mm at 
−1.45 V). During coating delamination under ca-
thodic polarization, the ph of the solution increased 
by approximately 15 % (from 9.6 at Ecorr to 11.0 at 
−1.45 V), its electrical conductivity increased three-
fold (from 2.2×10‒3 to 6.6×10‒3 s/cm, respectively), 
and its corrosivity toward x70 steel increased, with 
the corrosion rate rising from 0.167 to 0.234 mm/year.

Based on the comprehensive set of investigations 
performed, a novel concept has been developed ac-
cording to which the initiation and propagation of 
scc in tps require the simultaneous presence of 
three principal factors of sufficient intensity with-
in the investigated pipeline section. these principal 
factors are conventionally designated as “corrosion” 
(Ci), “corrosion protection” (Zi), and “mechanical 
stresses” (Ni). Each principal factor is influenced by 
a number of additional factors. Since the intensity of 
both the principal and additional factors varies along 
tp section, the recommended numerical values have 
been assigned to each factor based on the suscepti-
bility of pipeline steel to SCC under the influence 
of the factors investigated in the present study. the 
objective of the assessment is to identify the factors 
present within the investigated tp section and to de-

Figure 8. Fracture diagrams of X70 pipeline steel specimens tested in air and in the NS4 solution at a potential of −1.0 V under the 
influence of SCC-promoting factors (a); photographs of the corresponding fracture surfaces (b). strain rate: 10‒6 s‒1

Figure 9. fracture surface of an x70 steel pipeline in the vicinity 
of a corrosion crack formed during service of a 1420×15.7 mm tp
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termine their respective intensity levels. According 
to the proposed methodology, the identification of 
potentially scc-prone sections of a tp involves the 
following steps: analysis of design, construction, and 
operational documentation; identification of external 
and internal factors based on above-ground technical 
diagnostics and laboratory investigations; analysis of 
the obtained results and assessment of the probability 
of scc occurrence within the tp section; ranking of 
potentially scc-prone tp sections according to their 
susceptibility to SCC; in-ditch technical inspection of 
the tp; and development of recommendations for re-
pairing the tp section containing crack-like defects. 
During inspection of the tp, a comprehensive set of 
investigations is carried out to identify the conditions 
and factors promoting scc in accordance with the al-
gorithms described above.

It is proposed that the probability of SCC for the 
i-th section of a TP be calculated by taking into ac-
count the numerical values of the principal and addi-
tional factors according to the following expression:
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where Ri is the probability of SCC at the i-th section 
of the tp; rCi

, rZi
 and rNi

 are the numerical values of 
the principal independent factors; rij is the numerical 
value of the j-th principal independent factor; j is the 
index of a principal independent factor; n is the total 
number of principal independent factors; Gki denotes 
the numerical values of the k-th additional factors af-
fecting the corresponding principal factors at the i-th 
pipeline section; k is the index of the additional factor; 
m is the total number of additional factors influencing 
the corresponding principal factor.

SCIENTIFICALLY GROUNDED SELECTION 
OF TP REPAIR AND REhABILITATION 
TEChNOLOGIES
Within the Industry 4.0/5.0 paradigm, maintenance is 
regarded as a system of individualized decision-mak-
ing that simultaneously ensures achievement of safe-
ty, reliability, economic efficiency, and environmental 
sustainability criteria. Of particular importance are 
in-service repair technologies, which do not require 
eliminating gas transportation, eliminate the need for 
natural gas release into the atmosphere, reduce materi-
al consumption and repair duration, decrease the scope 
of repair operations, and minimize risks to personnel. 
consequently, repair under internal pressure fully com-
plies with the principles of sustainable development 
and the human-centric concept of Industry 5.0. the ef-
fectiveness of such technologies is determined not only 

by their design features but also by their scientifically 
justified selection for a specific defect. Decision-mak-
ing should therefore be based on a comprehensive anal-
ysis of the sss, fracture mechanisms, material degra-
dation, residual life, and operating conditions. Under 
these circumstances, FEM becomes a tool not only for 
assessing structural integrity but also for optimizing 
repair technology, making it possible to evaluate the 
effectiveness of different repair methods, determine 
the geometric parameters of reinforcing structures, op-
timize multipass surfacing procedures, and establish 
permissible conditions for performing repairs without 
shutting down the pipeline.

In particular, multipass surfacing provides com-
pensation for corrosion-induced metal loss without 
removing the tp from service. following preheat-
ing, the risk of cold cracking is virtually eliminated, 
while the plastic instability of the locally overheated 
metal under the action of internal pressure becomes 
the governing factor of technological integrity. At 
the same time, localized heating may induce resid-
ual plastic deformations and bulging, thus reducing 

Figure 10. corrosion rate of x70 steel in the ns4 solution after 
exposure of a tape coating in the solution at 20 and 60°c, and after 
cathodic delamination testing at the corrosion potential and at a 
polarization potential of −1.45 V

Figure 11. Laboratory test stand for investigating cathodic de-
lamination of protective coatings: 1 — coated steel plate; 2 — 
electrochemical cell; 3 — anode; 4 — potentiostatic unit; 5 — 
microammeter
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the load-bearing capacity of the structure. Therefore, 
optimization of the repair surfacing procedure should 
simultaneously satisfy the criteria of technological in-
tegrity during repair and the admissibility of residual 
deformations in the restored structure.

the characteristics of a tp section containing 
an externally detected local corrosion wall-thin-
ning defect during repair surfacing were investi-
gated using a representative example of a pipeline 
with a diameter of D = 1420 mm and a wall thick-
ness of t = 20 mm manufactured from x65 steel 
(σy = 490 MPa, σt = 590 mpa), operating at a maxi-
mum internal pressure of Р = 7.4 mpa. A metal loss 
defect (2s×u×δ = 70×70×10 mm) located on the 
external pipe surface was considered. taking into 
account the controlled grinding stage, the defect ge-
ometry was assumed to be semi-elliptical. Elimina-
tion of this defect requires two deposited weld layers 
(excluding the contour pass); the corresponding weld 
bead arrangement is shown in Figure 12. It was as-
sumed that the repair area was preheated to a tempera-
ture of Tpre = 100 °c in order to prevent cold cracking. 
the technological parameters of arc surfacing were 
selected in accordance with the recommendations of 
the applicable standards as follows: welding current 
Iw = 80 A, welding speed vw = 2 mm/s, and pipeline 
pressure during repair Pr = 4 mpa. Accordingly, the 
governing repair parameters are the welding current 
Iw, the internal pipeline pressure during surfacing Pr, 
and the time interval between the deposition of suc-
cessive weld beads, which must ensure that the max-
imum metal temperature does not fall below the re-
quired minimum value, i.e., Tmin ≥ Tpre.

the analysis of the residual sss after surfacing 
revealed a strongly nonlinear distribution of resid-
ual stresses. This behavior is attributed to the grad-
ual change in the structure geometry during succes-
sive weld bead deposition within the defect region, 
as well as to the complex thermal cycles in the metal 
associated with repeated heating and cooling. During 
repair welding of a defect on a pressurized pipeline, 
the combined action of external loading and local-
ized nonuniform thermal deformation (accompanied 
by intensive plastic flow of the metal) results in the 
formation of a localized damage field. It should be 

emphasized that, in the case considered, the growth 
rate of the nucleated ductile fracture micropores is 
relatively low owing to the low stress triaxiality in 
the locally heated region. consequently, according to 
the Rice‒Tracey law, the growth rate of the nucleat-
ed pores remains low. At the same time, an increase 
in the internal repair pressure Pr (or in the heat in-
put during surfacing) predictably leads to an increase 
in the accumulation of plastic strain, corresponding 
growth of ductile fracture pores, and an increased 
susceptibility of the structure to macroscopic failure. 
the developed methodology for evaluating the sus-
ceptibility of welded pipeline metal to ductile frac-
ture makes it possible to investigate the influence of 
various repair parameters on both the technological 
strength and the serviceability of the pipeline. As a 
representative example, the deposition of a single 
weld bead at the center of the wall-thinning defect 
was analyzed for the above-mentioned pipeline with 
a diameter of D = 1420 mm and a wall thickness of 
t = 20 mm. the evolution of the sss during multipass 
surfacing is complex and is governed by the relative 
positions of the individual weld beads with respect to 
the wall-thinning defect, as well as by the progressive 
change in the profile of the damaged pipeline section 
as the deposited metal solidifies. This, in turn, results 
in strongly nonlinear relationships between the sur-
facing parameters that ensure repair safety and the 
structural integrity of the pipeline after repair of the 
wall-thinning defect. Depending on the degree of pc 
preheating during repair and the magnitude of the in-
ternal pressure in the repaired region, a shape defect 
of different sizes is formed. The acceptability of such 
defects determines the possibility of further operation 
of the repaired TP section of the. These results can be 
presented in the form of two-dimensional diagrams, 
for example in the repair pressure-welding current co-
ordinates. An example for the considered case (pipe-
line geometry and material properties, as well as the 
type and severity of damage) is shown in figure 13.

From these results, it can be concluded that, at a 
high heat input, the dominant factor limiting the ap-
plicability of surfacing is the risk of plastic instability, 
whereas at relatively low local heating power and high 
internal pressure, the principal concern is excessive 
residual deformation of the structure. the curves in 
the presented diagrams represent the boundary sepa-
rating the permissible and impermissible states of the 
pipeline during multipass repair surfacing and sub-
sequent operation. The region below curve 1 corre-
sponds to conditions satisfying the acceptance criteria 
for the shape defect within the repaired area, whereas 
the region below curve 2 corresponds to the parame-
ters that satisfy the criteria of the material resistance 

Figure 12. schematic of surfacing for repairing a wall-thinning 
defect on the external surface of the pipeline
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against ductile fracture according to the results of the 
comprehensive numerical calculation package of the 
evolution of the tp state during surfacing [21].

In addition to repair welding, increasing attention 
is being given to the application of various types of 
reinforcing structures, composite repair sleeves, me-
tallic sleeves, and hybrid repair systems (Figure 14) 
[22]. Their effectiveness is determined not only by the 
strength of the reinforcing components proper but also 
by the manner in which the load is transferred between 
the damaged structure and the repair system. therefore, 
optimization of the reinforcement geometry, materi-
al properties, and installation parameters also requires 
numerical modelling and multi-criteria analysis. In ad-
dition, adequate reliability of the welded joints must be 
ensured, as they often represent the weakest elements of 
the pipeline-reinforcement system, thereby guaranteeing 
both the serviceability of the repaired structure and the 
safety of maintenance personnel.

Based on the conducted investigations and exper-
imental testing, the use of 1.2 mm gas-shielded flux-
cored wires and 1.6–2.0 mm self-shielded flux-cored 
wires is recommended for mechanized gas metal arc 
welding (GMAW). The welding consumables shall 
provide welded joints with mechanical properties 

meeting the requirements specified for the pipe base 
metal: the ultimate tensile strength shall not be lower 
than the specified value for the pipe material; the im-
pact toughness of the weld metal at −20 °C shall be at 
least 34 J/cm2; the static bend angle shall be not less 
than 120°; and the hardness of both the weld metal 
and the hAZ shall not exceed 300 HV10 for pipes up 
to and including strength class k55, and 325 HV10 for 
pipes of strength classes above K55 up to and includ-
ing k60.

Examples of butt joints produced during the op-
timization of welding procedures in different weld-
ing positions using mock-up specimens measuring 
350×100×16 mm and 250×151×2 mm are shown in 
figures 15 and 16. During the development of the 
mechanized gas metal arc welding technology for re-
inforcing structural components, particular attention 
was paid to establishing welding techniques for butt 
joints and lap-butt joints in various welding positions. 
At the same time, the objective was to determine 
welding parameters that, on the one hand, ensured 
high-quality formation of multilayer welds and on the 
other hand, minimized the need for substantial adjust-
ment when changing the welding position.

Figure 13. I-p diagram for selecting multipass 
surfacing parameters, taking into account the ac-
ceptability of the residual shape defect (1) and the 
plastic instability criteria (2): a — Tpre = 100 °c; b — 
Tpre = 300 °c; c — Тpre = 500 °c
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the technology for producing multilayer circum-
ferential lap-butt joints envisages performing the 
welding process sector by sector in the upward direc-
tion. When the groove width is l ≥ 15 mm, all weld 
layers should be deposited using the one layer-two 
passes technique. This promotes grain refinement of 
the weld metal and additionally improves its impact 
toughness. When the groove width is l < 15 mm, the 
first layer is deposited using the one layer-one pass 
technique, and all subsequent layers are deposited 
using the one layer-two passes technique. The final 
capping layer of the lap-butt joint should be deposited 
either by the one layer-one pass or one layer-two pass-
es technique, depending on the value of l. the total 
number of weld layers in lap-butt joints is determined 
by the wall thickness of the reinforcing structural el-
ements. To ensure complete fusion between the rein-
forcement and the pipeline, overhead welding should 
be performed with the electrode positioned using the 
backhand technique. The recommended welding pa-
rameters are presented in the Table 1.

Particular attention should be paid to the strength 
of the welded joints of compound-filled repair 
sleeves. the principle of application of this type of 

repair system is based on filling the uniform annular 
gap between the sleeve and the pipeline with a liquid 
compound, thereby providing the required level of hy-
drostatic pressure and reducing the stress level in the 
wall of the defective pipe. however, tps using com-
pound-filled sleeves has certain limitations associat-
ed with the features of installation of the reinforcing 
structure on the pipe, specifically with the geometry 
of the welded joint. the presence of a technological 
spacer ring, which ensures the required gap between 
the walls, results in the formation of a crack-like slit 
in the weld area. consequently, such a welded joint 
belongs to the class of slotted joints, whose design is 
based on the principles of linear elastic fracture me-
chanics (LEFM) for cracked bodies. The limit state of 
this type of welded joint is formulated from the con-
dition that the adjacent sharp cavity is located in the 
stress field, capable of causing its spontaneous propa-
gation. The well-established R6 assessment procedure, 
based on the two-parameter criterion for ductile-brittle 
fracture, can be used to evaluate the limit state. This 
method relates the parameter characterizing a purely 
brittle fracture at the crack tip Kr = KI/KIC to the pa-
rameter characterizing a purely ductile failure for the 

Figure 14. schematic of a composite repair sleeve for reinforcing defective sections of a tp (a) and an example of its installation (b)

Figure 15. Butt joint specimens welded in the overhead (4G), flat (1G), and vertical-up (3G-up) welding positions using solid wire
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same crack Lr = σref/σy. the calculation of the stress in-
tensity factor KI and the reference stress σref located in 
the stress field for slotted welded joints is conveniently 
performed by first determining the bending moment ML 
and the shear force Qr acting in the welded joint per a 
unit of its circumferential length using the following 
relationships [23]:
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where h is the minimum distance from the tip of the 
sharp cavity in the weld to the free surface (figure 17). 
In the case considered, there are two such distances,  
h1 and h2. the more conservative value is h1:
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It follows from the foregoing that the ductile-brit-
tle fracture limit state (i.e., spontaneous propagation 
of the crack, represented by the sharp cavity associat-
ed with the circumferential weld) is governed by the 
bending moment ML and the shear force Qr, which are 
determined by the internal pressure in the pipe P, the 
pressure in the filler material Pfill, the cross-sectional 
geometric parameters, namely D, t, δmk, cM, aM, bM, ∆ 
and tM values, as well as by the corresponding mate-
rial properties of the welded joint, namely fracture 
toughness KIC, yield strength σy, and ultimate tensile 
strength σt, evaluated in sections h1 and h2.

To obtain the corresponding quantitative results, the 
numerical procedure for SSS prediction by FEM de-
scribed previously was employed. The bending moment 
ML and the shear force Qr at the tip of the sharp cav-
ity were calculated from the normal stresses σzz in the 
cross-section corresponding to the sharp cavity tip for its 
propagation along either h1 or h2. The bending moment 
ML is expressed as the difference ML = M1 – M2 where:

● for the case of crack propagation along ray h1:
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● for the case of crack propagation along ray h2:
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the corresponding calculation results for an x70 
steel pipeline with D = 1420 mm, t = 20 mm, and 
an operating pressure of P = 7.5 mpa are presented 
below for a repair sleeve with a length of 1400 mm, a 
wall thickness of tM = 14 mm and δ = 20 mm at a repair 
pressure of Pr = 7.5 mpa, as well as for tM = 14 mm at 
Pr = 0.7P = 5.25 mpa. the dimensions of the spacer 
rings, δsp.r and cM, were assumed as follows: δsp.r = tM, 
cM = 140 mm. the gap size ∆ was adjusted using ad-
ditional spacer rings having a width of bM = 30 mm.

Based on the calculated values of ML and Qr, 
the stress intensity factor KI and the reference 
stress σref were determined. Subsequently, assum-
ing KIC = 1500 mpa⋅mm1/2 and yield strengths of 
σy = 440 mpa and 360 mpa, the safety factor, n, was 
evaluated. the presented results indicate that reducing 
the yield strength from 440 to 360 mpa (correspond-
ing to x70 and x60 steels) at Pr = P = 7.5 mpa and 
Pr = 0.7P has only a negligible effect on the allowable 
filler pressure, [Pfill], for a safety factor of approxi-
mately n ≈ 2,0. The slit width ∆ has a pronounced 
influence: increasing ∆ from 3 to 12 mm reduces [Pfill] 

Figure 16. Root weld on the reverse side of a butt welded joint 
produced in the vertical position

Table 1. Recommended welding parameters for a lap-butt joint welded using DW-A55 and Sv-08G2S wires (shielding gas: 
82 % Ar + 18 % CO2)

parameter
Passage when filling the groove

filling pass capping pass

Wire feed rate, m/min (8.0–9.1)/(4.0–4.1) (7.4–8.0)/(3.7–3.8)

Welding current, A (190–220)/(135–140) (180–200)/(125–130)

Arc voltage, v (26.5–27.0)/(19.5–20.5) (26.0–26.5)/(18.0–18.5)

Wire stick-out, mm (12–23)/(12–23) (10–16)/(10–16)

Note. the numerator corresponds to DW-A55 wire, while the denominator corresponds to sv-08g2s wire.
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from 4.3 mpa to 2.3 mpa at Pr = P, and from 3.5 to 
1.7 mpa at Pr = 5.25 MPa. Increasing the filler pres-
sure a pfile bove the allowable value [Pfill] is undesir-
able because it leads to a significant reduction in the 
safety factor (figure 18).

for the case of crack propagation along ray h2, 
the calculated results confirm the previous assump-
tion that crack propagation along h1 represents the 
more conservative failure scenario (figure 19). for 
the considered input parameters variant, the obtained 
results of numerical analysis show that, for the stan-
dard dimensions of the sealing sleeve and the spec-
ified conditions for filling the annular gap, the rec-
ommended filler pressure ensuring the integrity of 
the circumferential welds is [Pfill] = 4.3‒4.5 MPa at 
Pr = 5.25‒7.5 MPa with ∆ = 3 mm. Increasing ∆ to 
12 mm sharply decreases the allowable filler pressure 
to 1.7–2.3 mpa. since in many practical applications, 
the gap size ∆ is approximately 3 mm and the gen-
erated filler pressure [Pfill] does not exceed 4 mpa, 
the proposed repair sleeve design for tp elements of 
D×t = 1420×20 mm manufactured from X60‒X70 
steels can provide sufficient unloading of the defec-
tive region in the pipeline wall, provided that the 
specified pressure of the liquid filler is maintained, at 
least partially, also after polymerization.

thus, repair technologies in modern gts should 
be regarded as an integral component of adaptive in-
tegrity management, integrating the results of diag-
nostics, numerical modelling, degradation prediction, 
and risk-based assessment. The transition from the 
normative selection of repair solutions to their digi-
tally enabled, physically justified, and individualized 
optimization represents one of the key manifestations 
of the Industry 4.0/5.0 paradigm and provides the 
methodological foundation for ensuring the long-term 
reliability of the Ukrainian GTS.

INTEGRITY MANAGEMENT OF TRUNK 
PIPELINES UNDER GREEN hYDROGEN 
TRANSPORTATION CONDITIONS
The decarbonization of the energy sector and the 
emergence of a new architecture of the european en-
ergy markets are driving the gradual transition toward 
the transportation of natural gas-green hydrogen mix-
tures. Within the framework of the Industry 4.0/5.0 
paradigm formulated in the previous sections, this 
transition should not be regarded merely as a change 
in the GTS working medium, but rather as a funda-
mental transformation of its operating conditions, 
directly affecting all levels of integrity management, 
from materials science to system-level decision-mak-
ing. In this context, two interrelated scientific and 
technological aspects become particularly important. 
The first concerns the need for a fundamental under-
standing of the mechanisms of hydrogen-induced deg-
radation in structural steels, which differ substantially 
from the classical corrosion-mechanical processes 
characteristic of natural gas transportation. hydrogen 
acts not only as a diffusion-active element but also as 
a catalyst for the localization of plastic deformation, 
decohesion-induced weakening of interphase and in-
tergranular bonds, and accelerated initiation and prop-
agation of micro- and macrocracks.

Figure 17. cross-sectional schematic of the circumferential 
welded joint of the attachment assembly for mounting a com-
pound-filled sealing sleeve on a pipeline

Figure 18. Dependence of the safety factor, n, of the welded joint between the sealing sleeve and the pipeline element (D×t = 1420×20 mm, 
σy = 440 mpa) for crack propagation along h1 as a function of the liquid filler pressure, Pfill: a — internal pipeline pressure P = 7.5 mpa; 
b — P = 5.25 mpa; 1 — Δ = 3 mm; 2 — Δ = 12 mm
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the second aspect is directly related to the practice 
of individualized integrity assessment and repair res-
toration operations, which was established in the pre-
vious sections as an essential component of adaptive 
integrity management.

The results of a series of scientific investigations 
have demonstrated that the key factor governing cor-
rosion-hydrogen degradation is absorbed hydrogen, 
which is generated as a result of electrochemical cor-
rosion occurring on both the internal and external pipe 
surfaces [24]. Its accumulation intensifies the diffu-
sion processes, promotes the formation of vacancies 
and micropores, and accelerates the development of 
distributed damage, thereby reducing the strength 
and increasing susceptibility to corrosion-hydrogen 
cracking [25]. In addition, a correlation has been es-
tablished between the reduction in impact toughness 
and the hydrogen content in service-exposed metal. 
the most pronounced degradation occurs in pipe sec-
tions exposed to aqueous condensate, confirming the 
decisive role of hydrogenation charging in the pro-
cesses of pipeline performonce loss [26].

regardless of its source, hydrogen accelerates crack 
development at both the micro- and macroscopic lev-
els by promoting both defect initiation and growth. To 
quantitatively evaluate its influence on macrocrack 
propagation, a scientifically substantiated method for 
determining resistance to hydrogen embrittlement has 
been developed [27]. The method is based on electro-
lytic hydrogen charging of part of the specimen fol-
lowed by hydrogen diffusion toward the crack tip. In 
addition, a technological approach for retarding the 
fatigue crack growth through the use of a specially de-
signed environment has been proposed [28].

from the perspective of the future utilization of 
the Ukrainian gts for hydrogen energy applications, 
an experimentally confirmed finding is that the ser-
vice-exposed pipeline steels become susceptible to 

both corrosion cracking and hydrogen-assisted crack-
ing [29], whereas such susceptibility is absent in the 
initial material condition. In particular, smooth ApI 
X52 steel specimens exhibit no susceptibility to cor-
rosion cracking in a model environment simulating 
pipeline aqueous condensate (figure 20, a). In con-
trast, precracked specimens demonstrate pronounced 
susceptibility (Figure 20, b), while the application of 
cathodic polarization further reduces the threshold 
value of Jscc relative to the value of Jі measured in air.

to this end, an accelerated hydrogen-induced 
degradation method was developed, simulating long-
term degradation processes through intensified mi-
crodamage accumulation and enabling prediction of 
changes in mechanical properties over timescales of 
several decades within only a few days [26]. It has 
been demonstrated that long-term service alters the 
fracture mechanisms of pipeline steels and increases 
their susceptibility to SCC [25]. Of particular impor-
tance for the fundamental understanding of tps long-
term reliability is the finding that degradation of pipe 
steels proceeds through two interrelated mechanisms: 
microstructural evolution and development of dis-
tributed damage. Microstructural changes facilitate 
damage accumulation, which manifests itself at the 
macroscopic level as a reduction in resistance to brit-
tle fracture, including impact toughness, crack initia-
tion energy, fracture toughness, etc. In ferrite-pearlite 
pipeline steels, service-induced embrittlement is asso-
ciated with the enrichment of grain boundaries and in-
tragranular defects by carbon-containing compounds, 
as confirmed by electrochemical characterization of 
transgranular cleavage facets [30].

The development of distributed damage is gov-
erned by the characteristics of the microstructure, pri-
marily by nonmetallic inclusions elongated along the 
rolling direction. nanometer-sized pores form at the 
inclusion-matrix interface and act as highly effective 

Figure 19. Dependence of the safety factor, n, of the welded joint between the sealing sleeve and the pipeline element (D×t = 1420×20 mm, 
σy = 440 mpa) for crack propagation along h2 as a function of the liquid filler pressure, Pfill: a — internal pipeline pressure P = 7.5 mpa; 
b — P = 5.25 mpa; 1 — Δ = 3 mm; 2 — Δ = 12 mm
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hydrogen traps. The accumulation of recombined hy-
drogen within these defects reduces the adhesion be-
tween the inclusions and the matrix, leading to delam-
ination and plastic deformation of the metal under the 
action of internal pressure. consequently, the evolu-
tion of microdamage proceeds through the combined 
action of deformation and decohesion mechanisms, as 
a result of which even low-strength steels containing a 
high level of accumulated damage exhibit poor resis-
tance to brittle fracture [31].

It is well established that low-strength steels, which 
exhibit only limited susceptibility to hydrogen embrit-
tlement in the as-supplied condition, become suscep-
tible during long-term service, thereby increasing the 
risk of tp integrity loss during transportation of natural 
gas-hydrogen mixtures. the enhanced development 
of distributed damage in low-strength steels through 
deformation caused by the high pressure of hydrogen 
recombined within defects [31] is influenced by the 
microstructural constituents, particularly nonmetallic 
inclusions oriented along the rolling direction. nano-
meter-scale pores are formed at the inclusion-matrix 
interfaces, serving as efficient hydrogen traps. Hydro-
gen reduces the adhesion strength between the inclu-
sions and the surrounding matrix (figure 21, a) and 
accumulates within these pores and other defects. As 
a consequence, delamination develops between the 
microstructural constituents, while the metal under-
goes deformation under the pressure of recombined 
hydrogen, resulting in defect growth (figure 21, b). 
The cavity volume between the defect contour and the 
inclusion is extremely small (figure 21, c), facilitat-
ing the generation of high hydrogen pressure within 
the cavity. therefore, hydrogen-assisted microdam-
age evolution in low-strength steels proceeds through 
a combination of deformation and decohesion mech-
anisms. consequently, even low-strength steels with 
a high degree of accumulated microdamage exhibit 
poor resistance to brittle fracture.

the damage mechanisms manifected in pipe steels 
under hydrogen exposure depend on the material 
strength. In low-strength steels, the accumulation of 
molecular hydrogen within pores, predominates fol-
lowed by deformation-controlled pore growth and co-
alescence, while, in high-strength steels, hydrogen-as-
sisted cracking caused by the reduction of cohesive 
and adhesive strength becomes the governing mecha-
nism. Both mechanisms may operate simultaneously, 
thereby intensifying corrosion-mechanical damage 
[24]. pipe steels have a pronounced rolling texture, in 
which ferrite bands alternate with thin pearlite layers, 
while nonmetallic inclusions are elongated along the 
rolling direction. During long-term service, adhesion 
between the inclusions and the matrix, as well as be-
tween ferrite and pearlite, progressively deteriorates, 
leading to delamination and a reduction in resistance 
to brittle fracture within the rolling plane [24].

two principal stages of the service-induced degrada-
tion of ferrite-pearlite pipe steels can be distinguished: 
strain aging (stage I) and development of distribut-
ed damage (stage II) [24]. During the first stage, the 
yield strength, tensile strength, and hardness increase, 
whereas ductility, impact toughness, and fracture tough-
ness decrease. During the second stage, the continued 
accumulation of damage results in reduction in both 
strength and hardness, eventually bringing the material 
to a critical condition. The distributed damage stage is 
further subdivided into two periods: formation of ran-
domly oriented defects (stage IIa) and formation of de-
fects aligned with the rolling direction (stage IIb) [32]. 
During stage IIa, strength, hardness, reduction in area, 
and resistance to brittle fracture decrease, whereas rela-
tive elongation may even increase due to the opening of 
multiple defects. consequently, the elongation parame-
ter (δ) loses its significance as a reliable measure of duc-
tility. During stage IIb, delaminations oriented along the 
rolling direction develop and may propagate within the 
pipe wall without reaching the external surface. During 

Figure 20. reduction in area (a) and fracture toughness (b) of x52 steel in the as-received condition (I) and after 30 years of service: 
x52-12 (II) and x52-10 (III), tested in air (1), in a model aqueous condensate environment at the corrosion potential (2), and under 
cathodic polarization of 0.1 A/m2 (3)
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testing of standard longitudinal tensile specimens, such 
delaminations artificially increase the measured impact 
toughness, so that this parameter no longer adequately 
characterizes of the actual resistance to brittle fracture. 
to eliminate this effect, the use of special radial speci-
mens, which promote fracture in a plane parallel to the 
potential delamination, is recommended.

As discussed above, the elevated concentration of 
diffusible hydrogen in the metal of pipes transport-
ing natural gas-hydrogen mixtures necessitates a re-
assessment of integrity maintenance technologies. A 
representative example is the preservation of struc-
tural integrity during repair welding, particularly the 
prevention of cold cracking. It is well known that in-
creasing the concentration of diffusible hydrogen in 
the weld metal increases its susceptibility to the ini-
tiation of this type of defect. the complexity of the 
physical phenomena governing the susceptibility of 
weld metal to cold crack formation makes it difficult 
to establish a precise quantitative fracture criterion. 
In this context, a probabilistic criterion based on the 
principles of Weibull statistical mechanics is consid-
ered the most appropriate approach for numerical 
assessment. The probability of cold crack initiation, 
expressed as a function of the diffusible hydrogen 
content VH (ml/100 g) and the mechanical stresses in 
the material, can be quantitatively estimated using the 
following expression [33]:
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The coefficients A, B and ηp of the three-parameter 
Weibull distribution are determined experimentally. 
A study was conducted to evaluate the influence of 
tp repair welding process parameters on the suscep-
tibility of pipe metal to cold cracking, taking into ac-
count the effect of the diffusible hydrogen concentra-
tion VH under the conditions of natural gas-hydrogen 
mixture transportation [34]. A straight section of a 
trunk gas pipeline with an diameter of 1420 mm and 

a wall thickness of 20 mm, manufactured from x65 
steel, was studied operating at a service pressure of 
7.5 mpa and an internal pressure of 4.0 mpa during 
repair welding. the service defect considered was a 
localized wall-thinning defect measuring 150 mm in 
length, 100 mm in width, and 10 mm in depth. the 
welding parameters were a welding speed of 5 mm/s 
and a welding current of 100 A. prior to welding, the 
repair zone was preheated to a prescribed tempera-
ture Tpr. The interpass time between successive weld 
beads was carefully controlled to prevent the metal 
temperature from dropping below the specified pre-
heating temperature.

finite element analysis of the kinetics of the tem-
perature field, phase transformations, hydrogen distri-
bution, and SSS under TP repair welding conditions 
revealed a pronounced spatial heterogeneity of the 
corresponding physical fields within the repair zone 
[35]. This finding justifies the application of an inte-
gral probabilistic criterion for cold cracking, which 
accounts for both the physical complexity of the 
process and the technological characteristics of re-
pair welding, thereby improving the accuracy of cold 
crack risk assessment.

Analysis of criterion (24) confirmed its effective-
ness for predicting the probability of cold crack initi-
ation [36]. The initial diffusible hydrogen content is 
the which is determining factor governing the suscep-
tibility to cold cracking. An increase in hydrogen con-
centration may raise the probability of crack initiation 
by several times (Figure 22, a). In contrast, preheat-
ing the repair zone to approximately 100 °C signifi-
cantly reduces this risk, maintaining the probability 
below 5∙10‒3 over a wide range of hydrogen concen-
trations, which is in agreement with current engineer-
ing standards. Furthermore, the relationship between 
the probability of cold cracking and the preheating 
temperature at a diffusible hydrogen concentration of 
VH = 20 ml/100 g demonstrates that preheating to ap-
proximately 80 °c is the most affective (figure 22, b). 
these results emphasize the critical role of optimiz-

Figure 21. fractographs (a, b) and schematic illustration (c) showing debonding of nonmetallic inclusions from the matrix (a), hydro-
gen-deformation-induced defects (b), and their formation mechanism (c): nmI — nonmetallic inclusion; h2 — molecular hydrogen
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ing repair thermal regimes to ensure the reliability of 
welded joints.

for engineering applications, the results are most 
conveniently presented as diagrams relating the cold 
cracking risk to the composition of the natural gas-hy-
drogen mixture, the diffusible hydrogen content, and 
the preheating temperature of the repair zone. such dia-
grams enable the determination of operating conditions 
corresponding to specified target probabilities of cold 
cracking (10‒5 to 10‒4) (Figure 23). The obtained results 
indicate that the use of existing gts for transporting 
natural gas-hydrogen mixtures requires a revision of 
current standards specifying the repair technologies 
and structural integrity assessment criteria.

PROSPECTS FOR DEVELOPMENT 
OF DIGITAL-INTELLIGENT INTEGRITY 
MANAGEMENT OF ThE UKRAINIAN 
GAS TRANSMISSION SYSTEM
The further development of science-based and adap-
tive integrity management of the Ukrainian gts under 
conditions of decarbonization and the transition toward 
the Industry 4.0/5.0 paradigm cannot be considered 
without the transition to a fully digitally integrated, 

sensor-rich, and autonomously controlled infrastruc-
ture. Within this evolutionary framework, the gts is 
transformed from an object of periodic engineering in-
spection into a continuously operating cyber-physical 
system, in which critical operational decisions are gen-
erated on the basis of real-time data streams, multiscale 
modeling, and intelligent analytics.

A key technological driver of this transformation 
is the large-scale deployment of automated structur-
al health monitoring systems for the gts facilities 
including distributed sensor networks, acoustic and 
fiber-optic monitoring systems, and sensors for corro-
sion potential, strain, temperature, and hydrogen con-
centration. Integrating these data into a unified digital 
platform enables the creation of a continuous infor-
mation space describing the condition of the pipeline 
systems, compressor stations, and underground gas 
storage facilities, thereby providing the foundation for 
implementing the concept of digital twins of critical 
energy infrastructure.

In this context, digital twins are viewed not as stat-
ic models but as a dynamic, multilevel systems syn-
chronized with their physical counterparts through 
continuous sensor data streams. Such systems enable 
predictive simulations of degradation processes, in-
cluding corrosion-hydrogen mechanisms, damage ac-
cumulation, fatigue, and the evolution of the sss. this 
capability establishes the basis for transitioning from 
conventional maintenance practices to predictive and 
proactive integrity management.

An equally important component of this frame-
work is the robotization of repair and maintenance 
operations on operating pipelines while minimizing 
personnel exposure to hazardous environments. the 
deployment of remotely operated welding systems, 
robotic cladding platforms, and automated weld qual-
ity inspection systems enables implementation of the 
zero-human-exposure maintenance concept, which is 

Figure 22. Calculated dependence of the probability p of cold crack initiation in pipeline metal on the initial diffusible hydrogen con-
tent VH (a) and the repair zone preheating temperature Tpr (b): 1 — Tpr = 20 °c; 2 — Tpr = 50 °c; 3 — Tpr = 100 °c

Figure 23. Calculated relationships between the repair zone pre-
heating temperature Tpr and the diffusible hydrogen content VH in 
the pipeline for different allowable probabilities of cold cracking: 
1 — 1∙10–4; 2 — 5∙10–5; 3 — 1∙10–5
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fully consistent with the human-centric principles of 
Industry 5.0.

the Internet of things (Iot) provides the techno-
logical backbone of this architecture by connecting 
field devices, analytical centers, and decision-support 
systems. Combined with machine learning techniques 
and physics-based modeling, IoT enables the devel-
opment of adaptive operating strategies, in which 
gts operating parameters, maintenance intervals, 
and selection of repair technologies are continuously 
adjusted according to the current and predicted condi-
tion of the system.

thus, the future direction of this research lies in 
the development of a unified cyber-physical ecosys-
tem for gts integrity management, in which auto-
mated monitoring, digital twins, Iot infrastructure, 
and robotic repair technologies are integrated within a 
consistent asset lifecycle management logic. such an 
ecosystem enables the transition from reactive main-
tenance to intelligent, safety-oriented operation of 
critical energy infrastructure.

CONCLUSIONS
1. A comprehensive scientific concept has been de-
veloped for ensuring the resilience, survivability, 
and functional reliability of the Ukrainian GTS as a 
multilevel integrated infrastructure combining TPs, 
compressor stations, and underground gas storage fa-
cilities into a unified interconnected system. Unlike 
conventional approaches focused on individual com-
ponents operating under steady-state conditions, the 
proposed framework accounts for the systemic inter-
action of technological, energy-related, and reliability 
factors under reverse-flow operation, partial loading, 
cyclic changes in operating conditions, and abnormal 
impacts associated with wartime and energy-related 
challenges. This provides the scientific foundation 
for adaptive gts management within the Industry 
4.0/5.0 paradigm, where digitalization and intelligent 
decision support serve as the primary mechanisms for 
ensuring the resilience of critical infrastructure.

2. The scientific basis for the corrosion-mechan-
ical reliability of TPs operating under cathodic pro-
tection and long-term service conditions has been 
further developed, enabling the transition from 
empirical and standards-based criteria toward a 
physics-based description of degradation process-
es. The proposed approach combines electrochem-
ical diagnostics, accelerated degradation modeling, 
and material limit-state criteria, thereby improving 
the accuracy of predicting the mechanical property 
evolution and defect development risks throughout 
the service life of pipeline systems.

3. the fundamental principles of continuum me-
chanics have been extended through the integration of 
ductile fracture mechanics and thermomechanical de-
formation, resulting in a new class of methods for ex-
pert assessment of technical condition and structural 
failure risk in pipeline systems. Unlike conventional 
approaches based on simplified strength criteria, the 
proposed methodology accounts for the complex in-
teraction among thermomechanical loading, damage 
evolution, and technological processes, including the 
effects of construction and repair welding, plastic, and 
micromechanisms of discontinuity development. this 
substantially expands the capabilities of engineering 
assessment for complex defective states and enables 
individualized decision-making regarding the tp reli-
ability and maintenance planning.

4. A package of tp restoration technologies has 
been developed, including reinforcement using weld-
ed sleeves and multipass weld cladding, eliminating 
the need to remove pipelines from operation. these 
technologies expand the operational capabilities of 
the gts under challenging service conditions while 
reducing the need for large-scale replacement of in-
frastructure components. The obtained results provide 
the technological basis for a new generation of repair 
and restoration solutions consistent with the principles 
of Industry 4.0/5.0, particularly in terms of improved 
efficiency, safety, and environmental sustainability.

5. A new scientific direction has been established 
in the field of the physicochemical mechanics of deg-
radation and fracture of structural materials used in 
tps. Within this framework, an integrated analysis of 
the interrelated corrosion-hydrogen, deformation, and 
structural-mechanical processes occurring in long-
term operated pipeline steels has been performed. 
This provides the scientific and methodological ba-
sis for transition to physics-based, risk-oriented, and 
adaptive prediction of service life and operational 
safety of pipeline systems, including future scenarios 
involving the transportation of natural gas-hydrogen 
mixtures.

REFERENCES
1. xu, x., Lu, y., vogel-heuser, B., Wang, L. (2021) Industry 

4.0 and Industry 5.0 — Inception, conception and perception. 
J. of Manufacturing Systems, 61, 530–535. DOI: https://doi.
org/10.1016/j.jmsy.2021.10.006

2. elijah, O., Ling, p., rahim, s. et al. (2021). A survey on In-
dustry 4.0 for the oil and gas industry: Upstream sector. IEEE 
Access, 9, 144438–144468. DOI: https://doi.org/10.1109/ac-
cess.2021.3121302

3. Khan, F., Yarveisy, R., Abbassi, R. (2021) Risk-based pipeline 
integrity management: A road map for the resilient pipelines. 
J. of Pipeline Sci. and Engineering, 1(1), 74–87. DOI: https://
doi.org/10.1016/j.jpse.2021.02.001

4. Wanasinghe, T.R., Wroblewski, L., Petersen, B.K. et al. 
(2020) Digital twin for the oil and gas industry: Overview, 



26

S.Yu. Maksymov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

research trends, opportunities, and challenges. IEEE Ac-
cess, 8, 104175–104197. DOI: https://doi.org/10.1109/ac-
cess.2020.2998723

5. Ghobakhloo, M., Iranmanesh, M., Fathi, M. et al. (2025) 
Beyond Industry 4.0: A systematic review of Industry 5.0 
technologies and implications for social, environmental and 
economic sustainability. Asia-Pacific J. of Business Admin-
istration, 17(4), 889–914. DOI: https://doi.org/10.1108/ApJ-
BA-08-2023-0384

6. Okirie, A., frank, L.e., Ozuru, O.n. (2025) Leveraging Indus-
try 5.0 technologies for building resilience and sustainability 
in the oil and gas industry. American J. of IR 4.0 and Beyond, 
4(1), 17–28. DOI: https://doi.org/10.54536/ajirb.v4i1.3718

7. majstorovic, v. (2022) Application of Industry 4.0 model in 
oil and gas companies. J. of Engineering Management and 
Competitiveness, 12(1), 77–84. DOI: https://doi.org/10.5937/
jemc2201077m

8. Wang, t., feng, k., Ling, J. et al. (2024) pipeline condition 
monitoring towards digital twin system: A case study. J. of 
Manufacturing Systems, 73, 256–274. DOI: https://doi.
org/10.1016/j.jmsy.2024.02.006

9. Okirie, A., Lawson, e.f., Ozuru, n.O. (2026) Integrating 
Industry 4.0 and 5.0 technologies for sustainable, resilient 
oil and gas production operations. Advanced Manufactur-
ing Research, 4(1), 1–24. DOI: https://doi.org/10.21595/
amr.2026.25525

10. kovalko, m.p., grudz, v.ya. et al. (2002) Pipeline gas trans-
port. kyiv, ArenaekO [in Ukrainian].

11. grudz, v.ya., grudz, ya.v., tymkiv, D.f., Zapukhliak, v.B. 
(2019) Optimization of the operating modes of complex gas trans-
portation systems under the conditions of their incomplete load-
ing. Oil and Gas Industry of Ukraine, 1, 26–31 [in Ukrainian]. 
https://www.naftogaz.com/ckeditor_facilities/Галузевий%20
журнал/Journal-Naftogazova-galuz-01-2019.pdf

12. Grudz, V., Zapukhliak, V., Hryhorskyi, S. et al. (2024) Prob-
ability optimization for ensuring the reliability of natural gas 
distribution systems. Procedia Structural Integrity, 59, 757–
762. DOI: https://doi.org/10.1016/j.prostr.2024.04.108

13. karkhin, v.A. (2019) Thermal processes in welding. springer, 
singapore.

14. Lemaitre, J., Desmorat, r. (2005) Engineering damage me-
chanics. Ductile, creep, fatigue and brittle failures. Berlin, 
springer-verlag.

15. milenin, O., velikoivanenko, e., rozynka, g., pivtorak, n. 
(2023) novel approach for numerical evaluation of limiting 
state and reliability of corroded pipelines under in-service re-
pair welding. Welding in the World, 67(10), 373–379. DOI: 
https://doi.org/10.1007/s40194-023-01543-1

16. milenin, O., velikoivanenko, e., rozynka, g., pivtorak, n. 
(2019) Residual strength and reliability of corroded pipe-
lines-monte-carlo approach for consideration of spatially 
nonuniform material properties. In: Proc. of the Second Inter. 
Conf. on Theoretical, Applied and Experimental Mechanics, 
ICTAEM 2019. Structural Integrity, 8, 321–326. Ed by E. Gd-
outos. springer, cham. DOI: https://doi.org/10.1007/978-3-
030-21894-2_59

17. milenin, O. (2017) numerical prediction of the current and limit-
ing states of pipelines with detected flaws of corrosion wall thin-
ning. J. of Hydrocarbon Power Engineering, 4(1), 26–37. http://
elar.nung.edu.ua/bitstream/123456789/6387/1/5884p.pdf

18. milenin, A., velikoivanenko, e., rozynka, g., pivtorak, n. 
(2019) Probabilistic procedure for numerical assessment of 
corroded pipeline strength and operability. Inter. J. of Pres-
sure Vessels and Piping, 171C, 60–68. DOI: https://doi.
org/10.1016/j.ijpvp.2019.02.003

19. nyrkova, L.I., Osadchuk, s.O. (2023) Stress corrosion crack-
ing of main gas pipeline steels: Assessment and prevention. 
kyiv, naukova Dumka [in Ukrainian].

20. Nyrkova, L.I. (2020) The influence of external and internal 
factors on stress corrosion cracking of low-alloyed pipe steel. 
J. of Hydrocarbon Power Engineering, 7(1), 8–15. DOI: 
https://doi.org/10.31471/2311-1399-2020-1(13)-8-15

21. velikoivanenko, e., rozynka, g., milenin, A., pivtorak, n. 
(2015) Evaluation of operability of the main pipeline with lo-
cal wall thinning at repair by arc surfacing. The Paton Welding 
J., 1, 18–23. DOI: https://doi.org/10.15407/tpwj2015.01.03

22. gBn v.3.1-00013741-12:2011: Main gas pipelines. Arc weld-
ing repair under operating conditions [in Ukrainian].

23. makhnenko, v.I., velikoivanenko, e.A., milenin, A.s. et al. 
(2011) Admissible pressure for filler of sealed sleeves used to 
repair main pipelines. The Paton Welding J., 8, 22–26. https://
patonpublishinghouse.com/tpwj/pdf/2011/pdfarticles/08/8.pdf

24. Demianchuk, D.O., tsyrulnyk, O.t., solovei p.r. et al. (2025) 
The influence of operation and notch orientation on the impact 
toughness of ApI 5L x67 steel. Mater. Sci., 61(2), 249–255. 
DOI: https://doi.org/10.1007/s11003-025-00986-9

25. Zvirko, O.I., savula, s.f., tsependa, v.m. et al. (2016) stress 
corrosion cracking of gas pipeline steels of different strength. 
Procedia Structural Integrity, 2, 509–516. DOI: https://doi.
org/10.1016/j.prostr.2016.06.066

26. tsyrul’nyk, O.t., kret, n.v., voloshyn, v.A., Zvirko, O.I. 
(2018) A procedure of laboratory degradation of struc-
tural steels. Mater. Sci., 53(5), 674–683. DOI: https://doi.
org/10.1007/s11003-018-0123-1

27. hredil, m.I., nykyforchyn, h.m., tsyrulnyk, O.t., shtoiko, 
I.p. (2018) Method for determining the resistance of metallic 
structural materials to hydrogen embrittlement. Utility model 
Pat. 127310, U201801845, Fill. 23.02.2018, Publ. 25.07.2018 
[in Ukrainian].

28. Nykyforchyn, H.M., Pustovyi, V.M., Slobodian, Z.V. et al. 
(2018) Method for retarding fatigue crack growth. Utility 
model Pat. 128514,. U201802248, Fill. 05.03.2018, Publ. 
25.09.2018 [in Ukrainian].

29. Zvirko, O., mytsyk, B., nykyforchyn, h. et al. (2023) Ap-
plication of the various methods for assessment of in-service 
degradation of pipeline steel. Mechanics of Advanced Materi-
als and Structures, 30(24), 5058–5067. DOI: https://doi.org/1
0.1080/15376494.2022.2111732

30. nykyforchyn, h., tsyrulnyk, O., Zvirko, O., krechkovska, h. 
(2019) Non-destructive evaluation of brittle fracture resistance 
of operated gas pipeline steel using electrochemical fracture 
surface analysis. Engineering Failure Analysis, 104, 617–625. 
DOI: https://doi.org/10.1016/j.engfailanal.2019.06.037

31. nykyforchyn, h., tsyrulnyk, O., Zvirko, O., hredil, m. (2020) 
role of hydrogen in operational degradation of pipeline steel. 
Procedia Structural Integrity, 28, 896–902. DOI: https://doi.
org/10.1016/j.prostr.2020.11.060

32. Nykyforchyn, H., Zvirko, O., Dzioba, I. et al. (2021) Assess-
ment of operational degradation of pipeline steels. Materials, 
14(12), 3247. DOI: https://doi.org/10.3390/ma14123247

33. milenin, O., velykoivanenko, O., rozynka, g., pivtorak, n. 
(2025) Numerical assessment of cold crack susceptibility of 
x65 pipe steel during in-service repair welding of pipeline 
in transportation of gas-hydrogen blends. Procedia Structural 
Integrity, 68, 1010–1016. DOI: https://doi.org/10.1016/j.pros-
tr.2025.06.163

34. milenin, O., velykoivanenko, O., rozynka, g., pivtorak, n. 
(2023) Numerical analysis of brittle strength of welded pipelines 
with corrosion metal loss in transportation of blends of natural 
gas with hydrogen. Welding in the World, 67(12), 2803–2809. 
DOI: https://doi.org/10.1007/s40194-023-01612-5



27

AdAptive integritY MAnAgeMent of the UkrAiniAn gAS trAnSMiSSion SYSteM                                                                                                                                                                                                    

                                                                                                                                                                               

35. milenin, O.s., velykoivanenko, O.A., rozynka, g.p., pivtor-
ak, n.I. (2024) numerical analysis of the regularities of the 
infuence of pipe steel degradation on the reliability of corrod-
ed main gas pipelines used for transportation of gas-hydrogen 
mixtures. Technical Diagnostics and Non-Destructive Test-
ing, 1, 8–13. DOI: https://doi.org/10.37434/tdnk2024.01.02

36. milenin, O.s., velikoivanenko, O.A., rozynka, g.p., piv-
torak, N.I. (2023) Numerical assessment of brittle strength 
of field welds of the main gas pipelines at transportation of 
gas-hydrogen mixtures. Technical Diagnostics and Non-De-
structive Testing, 1, 22–27. DOI: https://doi.org/10.37434/
tdnk2023.01.03

ORCID 
s.yu. maksymov: 0000-0002-5788-0753 
O.I. Zvirko: 0000-0002-6973-6804 
O.s. milenin: 0000-0002-9465-7710 
L.I. nyrkova: 0000-0003-3917-9063 
I.I. chudyk: 0000-0002-7402-6962 
v.B. Zapukhliak: 0000-0002-2502-3896 
v.v. rudko: 0000-0002-0856-2898

CONFLICT OF INTEREST 
The Authors declare no conflict of interest

CORRESPONDING AUThOR 
O.s. milenin 
e.O. paton electric Welding Institute of the nAsU 
11 kazymyr malevych str., 03150, kyiv, Ukraine 
e-mail: asmilenin@ukr.net

SUGGESTED CITATION 
s.yu. maksymov, O.I. Zvirko, O.s. milenin, 
L.I. nyrkova, I.I. chudyk, v.B. Zapukhliak, 
v.v. rudko (2026) Adaptive integrity management 
of the Ukrainian gas transmission system in the 
context of the Industry 4.0/5.0 paradigm. 
The Paton Welding J., 09, 3–27. 
DOI: https://doi.org/10.37434/tpwj2026.09.01

JOURNAL hOME PAGE 
https://patonpublishinghouse.com/eng/journals/tpwj

received: 07.07.2026 
received in revised form: 10.08.2026 

Accepted: 29.09.2026




