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Abstract. Pipeline transportation of hydrocarbon energy is one of the cheapest and most environmentally
friendly transport methods. In the context of the green energy transition and implementing ambitious plans to
reduce carbon emissions. The issue of optimal future use of the released pipeline capacities arises. One promising
option is to use existing pipeline networks to transport green hydrogen and methane-hydrogen mixtures. The
pipeline steel is subject to defect accumulation during long-term operation, which causes degradation of physical
and mechanical properties. The influence of operational degradation on the resistance to deformation of 19G and
17GS pipe steels in soil electrolytes of different chemical compositions was studied. It is shown that the strain
growth in corrosive environments can be up to 30%, which will increase operational risks, especially in areas that
run in structurally unstable soils. At the same time, the absolute values of the strain increase are in the range of
3...7% and are not very dangerous since they are within the range of tolerable damage. In the future, it will be
advisable to study in more detail the behaviour of pipe steels after long-term operation in the environment of
hydrogen gas and methane-hydrogen mixtures to assess the prospects for using existing pipelines for their
transportation.

Key words: main gas pipelines, hydrogen pipeline transport, soil electrolytes, corrosion-mechanical
degradation, deformation, bearing capacity.
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1. INTRODUCTION

Assessment of the condition of long-term structures in terms of their operational safety
i1s mainly about identifying and characterising various types of defects. At the same time,
possible deterioration of the physical and mechanical properties of materials that determine
their manufacturability should be considered. Recently, special attention has been paid to this
problem since a significant part of the structures of responsible purpose in many branches of
industry and transport have already exhausted their planned resource, which is tens of years.
Such objects include the main gas pipelines of Ukraine, most of which have a service life of
30-40 years. Therefore, their performance may be lost due to metal ageing, local corrosion, and
damage to both the outer and inner sides of the pipes [1]. The main factor of corrosion of the
inner surface of pipes is water condensate, which accumulates salts, organic impurities, CO2,
and sulfur compounds, even in small quantities contained in purified gas [2]. Condensate can
drain into the lower part of the pipe [3, 4], making this part particularly vulnerable to corrosion.
Considering the intensification of the degradation of metal properties by the environment in the
volume of the pipe wall, it should also be taken into account that it can be hydrogenated due to
the «metal-environmenty interaction [5, 6].

Many scientists have researched the operational degradation of pipeline steel,
specifically in oil and gas pipelines. Most of these studies have been conducted in Eastern
Europe, particularly in the countries of the former USSR, due to their well-established network
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of gas pipelines built in the 1960s and 1970s. In recent years, researchers have found that the
most appropriate way to assess the level of destruction of pipeline material is by determining
the change in mechanical indicators such as strength, impact strength, and plasticity, as well as
electrochemical indicators such as OCP, corrosion potential, corrosion current, and polarisation
resistance. Research has shown that various factors, such as modes, duration of operation,
corrosion activity of the transported product and soil electrolyte, play a significant role in
degradation processes [1, 3, 6, 7].

The study of the deformation behaviour of pipeline steels under conditions of loads and
influences that simulate operational conditions will allow a more accurate assessment of the
remaining resources for the safe operation of existing and new pipelines, as well as predict
operational risks and assess the level of potential environmental hazards caused by the operation
of these technical objects [8—10]. It is important to study the kinetics of deformation in
aggressive environments because the level of damage as a result of the synergistic action of
mechanical and corrosive factors increases non-linearly, so the risk of depressurisation or
pipeline destruction, and therefore the associated operational risks, also increases [11-13].

It is also important to note the significant potential of the Ukrainian gas transportation
system for transporting green hydrogen and methane-hydrogen mixtures to European
consumers. Ukraine has the most extensive gas transportation system in Europe, which is
already connected to the European system through several gas transportation corridors. At the
same time, Ukraine has a significant surplus of green electricity generation during the day.
Given the lack of balancing capacity, it is advisable to use the surplus of green electricity to
produce green hydrogen and then transport it to the EU. However, it is important to minimise
operational risks and choose the best routes at the transportation stage.

The study aims to assess the effect of long-term operation on the pipeline material's
ability to resist deformation in corrosive environments that simulate soils with varying salinity
levels. This assessment will help identify potential risks while transporting hydrogen or
methane-hydrogen mixtures and choose the best transportation routes.

2. MATERIALS AND METHODS

17GS and 19G pipeline steels are among the most widely used materials in pipeline
construction (Table 1) in Eastern Europe 30—40 years ago and were chosen as an object of
research.

Table 1

Chemical composition of selected pipeline steels

Steel C Si Mn Ni S P Cr Cu

17GS | 0.14-0.20 | 0.40-0.60 | 1.00-1.40 | <0.30 | <0.035 | <0.030 | <0.30 | <0.30

19G | 0.16-0.22 | 0.17-0.37 | 0.8-1.15 | <0.30 | <0.035 | <0.015 | <£0.30 | <0.30

To study the effect of material degradation on long-term resistance to deformations, a
batch of samples were made from the pipe after 41 years of operation (Fig. 1). For this
purpose, a series of mechanical and corrosion-mechanical tests were carried out in the
corrosive media, which imitates the soil electrolytes [14—17]. It is proposed to estimate the
change in the bearing capacity of the pipeline material by the value of the increase in
deformation in air Ag; and corrosive environments Agcc for pipe steels in the condition of
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delivery and after 41 years of operation. Previously, a study of the deformation behaviour of
unoperated pipeline steel in air and in 12 model environments simulating the main types of
soil electrolytes was carried out [14].To study the long-term resistance to deformations, the
KN-1 installation was used [14]. Testing gas pipeline material samples in air and corrosive
environments under static load, under pure bending, with automatic registration of sample
deformation and electrode potential changes was performed.

For the investigation of the long-term deformation of the pipeline steel, three levels of
nominal stresses were selected according to the yield limit of the pipeline material: 330, 420, and
510 MPa. To study the deformation behaviour of pipeline steel and to consider relaxation processes,
the load was applied by a step method with a duration of 20 seconds. Tests were conducted in two
stages to demonstrate the impact of a corrosive environment on the deformation behaviour of
pipeline steel. First, tests were carried out in the air to simulate pipeline operation with an
undamaged insulation coating. Second, tests were conducted in corrosive environments. (soil
electrolytes imitation, Table 2). The exposure time was 300,000 minutes (200 days).
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Figure 1. Scheme of a flat sample for corrosion-mechanical tests

Table 2

Chemical composition of soil electrolyte imitations (SEI)

SEI NaCl, mol*]”! Na2S04, mol*I’!
1 0.01 -
2 0.05 -
3 0.1 -
4 0.005 0.005
5 0.25 0.25
6 0.05 0.05

3. RESULTS AND DISCUSSION

The effect of long-term operation on the 17GS steel. In the air, there is an active
increase in deformation at the initial stage, with a further decrease in intensity for unused
pipe material after 41 years of operation. (Fig. 2). The increase in deformation is 15...20%.

This deformation behaviour is not anomalous and indicates that changes in the
mechanical properties of the pipe steel, which was not in contact with a corrosive environment,
do not significantly worsen its operational characteristics. However, given the imperfection of
anticorrosion coatings used in constructing main pipelines at the end of the 60s and 70s of the
last century, such a situation is quite hypothetical. Therefore, tests in the air are required to
separate the effect of a corrosive environment.
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Figure 2. Kinetics of pipeline steel deformation in the air: filled symbols — new steel,
clear symbols — exploited steel

With an increase in the value of nominal stresses, the intensity of the deformation
process increases. A step on the deformation curve is observed at the highest load,
close to the strength limit. Here, it should also be noted that such steps were recorded
at a lower level of nominal stresses for the operated steel. This deformation behaviour
can be caused by the propagation of microcracks or the coalescence of diffuse
damage [18-20]. Since the exploited steel has a much larger number of accumulated
scattered damages and microcracks in the state of nucleation, a lower level of applied
stresses 1s necessary for their development. Similar deformation behaviour is also confirmed
by other studies [20, 21].

As the value of nominal stresses decreases, the growth rate of deformation decreases,
and when approaching the yield point, the kinetics becomes practically linear. The character of
the pipe steel deformation process kinetic changes depending on the level of applied mechanical
stresses. At their maximum level, the deformation kinetics is three-stage:

* accelerated deformation, which is 10—-15% of the exposure time;

* less active but still intense deformation, which is 45-60% of the exposure time;

* plateau stage, at which the deformation process stabilises, and the increase
in deformation becomes almost imperceptible. This stage takes 25-40% of the exposure
time.

To predict the processes of long-term deformation of pipelines under stress, it is
proposed to use the angle of inclination of the final section of the deformation curve as one of
the criteria. For all corrosive environments, an increase in this indicator compared to air was
recorded for steel in the condition of delivery [14] and pipe steel after 41 years of operation.
When comparing this indicator in one corrosive environment, it is higher for long-term operated
steel, which indicates a greater danger of bearing capacity loss.

Deformation behaviour in model environments that simulate soils with chloride
salinity (Fig. 3 — Fig. 5) demonstrates an increase in deformation during the entire exposure
time. On deformation curves, unlike air, there are no steps. This behaviour of pipeline
steel can be explained by the plasticisation of the surface layers of the metal due to the
influence of the Rebinder effect [14, 22, 23]. Under such conditions, plastic deformation of
the metal will occur instead of the growth of microcracks in places of corrosion damage to
the surface.
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Figure 3. Kinetics of pipeline steel deformation in SEI1:
filled symbols — new steel, clear symbols — exploited steel

Over time, the rate of deformation of pipe steel decreases. However, for all load levels,
even for the smallest one, the deformation process in a corrosive medium does not reach an
equilibrium value within the experimental exposure. This is the main difference compared to
the results obtained in air tests [14].

Such deformation kinetics is explained by the simultaneous influence of mechanical
loads and a corrosive environment on pipe steel. Deformation of the metal surface damages
the integrity of the coating from insoluble corrosion products. It opens access to the
corrosive environment to the unpassivated metal surface. In this way, corrosion processes
are activated, and the metal surface undergoes additional local damage. These damages can
become centres of microcracks, which can cause corrosion failure of the pressure pipes.
Additionally, they can promote hydrogen adsorption and act as hydrogen traps. It is
important to highlight the impact of hydrogenation and hydrogen embrittlement
processes separately. The hydrogen embrittlement of various types of steel has been widely
studied [5—6]. However, there has not been sufficient study on the effect of hydrogen on
pipeline metal that has been in operation for 30 (40) years [24-27]. Considering the
scattered damage of pipe steels due to operational degradation, which contributes to the
penetration of hydrogen into their structure, it can be assumed that there will be a significant
reduction in the resource of safe operation of pipelines [1, 3, 28, 29].

Hydrogen embrittlement is a significant danger for steels in long-term operations due to
the hydrogenation process. Scattered damage accumulates in the metal structure due to
operational degradation, which serves as a trap for hydrogen atoms [3, 25, 28].

A comparison of the results of the study of the deformation behaviour of steels in
neutral and acidic corrosive environments will make it possible to distinguish the role of
the hydrogen factor [9, 14]. This problem is particularly relevant during the transition to
green and renewable energy, particularly using hydrogen and methane-hydrogen mixtures
as energy carriers. For their transportation, the cheapest and most ecological type of
transport is the pipeline. The existing network of gas pipelines in European countries is
quite extensive, and capital investments in its modernisation for the transportation of
hydrogen or methane-hydrogen mixtures are acceptable. One of the main obstacles to
converting gas pipeline networks is the increased sensitivity of long-term steel used for
hydrogen embrittlement.
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Figure 4. Kinetics of pipeline steel deformation in SEI2:
filled symbols — new steel, clear symbols — exploited steel

As a result of the joint influence of corrosive environments and mechanical stresses,
the development of existing and new defects takes place [30—32], which reduces the
resistance of pipe steels to long-term deformations. At the tops of crack-like defects due to
the hydrolysis of corrosion products, the pH of the environment becomes acidic, which will
cause the release of hydrogen, the intensification of the hydrogenation process, and the
occurrence of hydrogen embrittlement.
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Figure 5. Kinetics of pipeline steel deformation in SEI3:
filled symbols — new steel, clear symbols — exploited steel
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Such potential operational risks must be predicted and warned on time. At the same
time, conducted studies [2, 3, 6, 7, 9, 10, 18-21, 33, 34] show that long-term operated
pipelines still have a significant safety margin. The study of the deformation processes of
degraded steels in corrosive environments will make it possible to optimise the modes of
transportation of hydrogen and methane-hydrogen mixtures, reducing operational risks to
acceptable levels.

For all applied stress levels, there is an increase in deformation value without
steps on the deformation curves. This behaviour of the pipe material indicates
the emergence of new corrosion damages and the deepening of existing ones. At the
same time, the absence of steps on the deformation curves indicates the absence
or insignificant effect of embrittlement of degraded steel. On the other hand, the
deformation process does not enter a stationary state, as evidenced by the inclination angles
of the final sections of curves. Therefore, there is a risk of developing local corrosion
damage up to the depressurisation of the pipeline. The increased deformation for all applied
loads increases compared to air. The absolute increase is directly proportional to the applied
stresses.

Deformation curves in chloride environments have a damping character. However, the
inclination angles of the final part of the curve (damping criterion) are greater than in air,
indicating the long-term nonstationarity process. Under such conditions, the pipeline's ability
to withstand long-term loads decreases. Separately, the high rates of nonstationarity of
deformation processes at the lowest level of applied stresses should be noted. This behaviour
of the pipeline material can lead to a loss of bearing capacity under sudden acyclic overloads,
for example, during landslides and subsidence [35].
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Figure 6. Kinetics of pipeline steel deformation in SEI4:
filled symbols — new steel, clear symbols — exploited steel

In imitations of soil electrolytes with mixed (chloride-sulfate) salinity, more
significant increases in deformation were recorded compared to chloride salinity (Figs. 7-9).
It is also possible to note significantly higher deformation increments than air, especially in
SEI6 (Fig. 8).
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Figure 7. Kinetics of pipeline steel deformation in SEIS:
filled symbols — new steel, clear symbols — exploited steel

It is also necessary to note the higher nonstationarity of the process in SEI of mixed anionic
composition compared to chloride media [9, 14]. This is especially noticeable for minimum and
medium stress levels. This behaviour of pipe steels seems to be caused by the mutually reinforcing
effect of chloride and sulfate ions, which accelerates corrosion processes and promotes their
localisation [36]. This leads to increased risks of nucleation and the development of crack-like
defects in degraded pipe steels in places of local corrosion damage [20-22].

The long-term increase in deformation without visible attenuation in SEI5 and SEI6 is
also dangerous. Such deformation behaviour indicates high risks of loss of bearing capacity of
long-term operated pipelines laid in highly mineralised soils, which may become structurally
unstable due to sudden waterlogging. Also, the increased risk of an emergency can be caused
by a sudden acyclic overload (terrorist attack, military actions, etc.) [37, 38]. This is because
the mechanical properties, especially impact toughness, have deteriorated. Hydrogen and
methane-hydrogen mixtures are more explosive than natural gas, which increases potential
operational risks during transportation through structurally unstable or corrosive soils.
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Figure 8. Kinetics of pipeline steel deformation in SEI6:
filled symbols — new steel, clear symbols — exploited steel
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The effect of long-term operation on the 19G steel. In SEI with a chloride type of
salinity, the deformation kinetics of 19G steel is slightly different from the kinetics of 17GS
steel. There are no ledges on the deformation curves for operated and unoperated steel. The
absolute and relative values of the increase in deformation for 19G steel for all load levels are
greater than for 17GS steel. In addition, at the initial stage, the deformation of 19G steel occurs
20-30 percent faster than 17GS steel (Fig. 9-11).
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Figure 9. Kinetics of pipeline steel deformation in SEI1:
filled symbols — new steel, clear symbols — exploited steel

Comparing the deformation kinetics of long-term operated and not-operated 19G steel,
it was established that the deformation process becomes longer due to the influence of
operational degradation. After analysing the final sections of the deformation curves, larger
values of the inclination angles were recorded for the long-term operated steel, which indicates
a decrease in the ability of the metal to resist long-term deformations. This tendency is
especially pronounced in SEI2.
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Figure 10. Kinetics of pipeline steel deformation in SEI2:
filled symbols — new steel, clear symbols — exploited steel
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During further operation, this behaviour of pipeline steel can lead to emergencies if the
pipeline is subjected to sudden loads or overloads [39, 40]. Thus, in neutral chloride
environments, the degradation of the bearing capacity indicators of steel 19G is 7—15% higher
than for 17GS.
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Figure 11. Kinetics of pipeline steel deformation in SEI3:
filled symbols — new steel, clear symbols — exploited steel

In simulated groundwater with a mixed ionic composition (chloride-sulfate), the
deformation kinetics of 19G steel has the following differences from that of 17GS steel: a higher
rate of deformation at the initial stage was recorded, as well as an increase in the absolute values
of deformations and their relative growth (Fig. 12 — Fig. 14).
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Figure 12. Kinetics of pipeline steel deformation in SEI4:
filled symbols — new steel, clear symbols — exploited steel
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Additionally, the SEI5 and SEI6 exhibit significant nonstationarity, as
confirmed by the slope angles of the final sections of the deformation curves.
This behaviour of 19G pipe steel indicates an increased risk of corrosion damage
and a decreased long-term resistance to deformation in the case of defective anticorrosion
coating.
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Figure 13. Kinetics of pipeline steel deformation in SEIS:
filled symbols — new steel, clear symbols — exploited steel
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Figure 14. Kinetics of pipeline steel deformation in SEI6:
filled symbols — new steel, clear symbols — exploited steel
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The influence of long-term operation on the deformation resistance of 17GS and 19G
pipe steels was investigated. The soil electrolytes with an increased risk of developing long-
term deformation processes in pipeline sections with damaged insulation coating were
identified. It is shown that 17GS steel is less sensitive to corrosion and mechanical
degradation processes. It is shown that the absolute increase in deformation in simulated
soil electrolytes is not significant and that the main potential operational risks of
hydrogen/hydrogen-methane mixture transport are associated with the simultaneous action
of several negative factors (structural degradation, additional soaking and subsequent
embrittlement of pipe steel during hydrogen transport, sharp acyclic loads, etc.). Given a
preliminary assessment of the degradation of the physical and mechanical properties of pipe
steels and the corresponding adaptation of the pumping modes, the use of existing gas
pipelines in Eastern Europe to transport hydrogen and methane-hydrogen mixtures is
reasonable. The potential of the Ukrainian gas transportation network, which has long
operated in the mode of exporting natural gas to European consumers, should be highlighted
separately.

4. CONCLUSIONS

The study investigated the impact of operational degradation of pipeline material on
its bearing capacity in soil electrolytes with monoanionic (chloride ions as the corrosive
component) and polyanionic (chlorides and sulfates as the corrosive component). The
results showed that the deformation can increase up to 30% compared to non-operational
steel.

The highest risks of accidents for both studied steels were observed in SEI2, SEIS, and
SEI6 soil electrolytes. These trends pose a significant risk to pipelines installed in unstable soils
and mountainous areas prone to landslides.

The deformation rate of pipe steels after 41 years of operation in corrosive
environments at three levels of mechanical load is 3.7%. While this rate is within
the permissible damage tolerance range, it is still a cause for concern. The rise in
operational risks is due to the combined effects of several stress factors, such as the
degradation of physical and mechanical characteristics resulting from long-term operation,
exposure to corrosive environments, constant and variable mechanical loads, and
hydrogenation.

In the future, it is necessary to conduct a more detailed study of the behaviour
of pipe steels following long-term operation in hydrogen gas and methane-hydrogen
mixtures. This will help assess the feasibility of using existing pipelines for
transportation.
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V]IK 681.2.543

JTE®OPMAIITHA TOBEATHKA JOBIOEKCIIJTYATOBAHMX
TPYBOITPOBO/IIB B IMITOBAHOMY IPYHTOBOMY
EJEKTPOJIITI

JIrooomup Ilodepexunii

Vuieepcumem I'enomyma LlImioma/Yuisepcumem ¢ghedepanvrux 30potinux cui,
L'ambype, Himeuuuna

Pe3ztome. Jlocnioaceno depopmayitiny nogedinky cmanei mazicmpaibrux mpyoonpogooie 171'C ma 197,
sKI nepedysanu 6 excniyamayii nonad 40 poxis, y cepedosuwax, ujo iMimyioms ipyumosi erekmpoaimu. Y npoyeci
mpueanoi excniyamayii cmani mpy6 HaKonuuyiome MIKpooe@ekmu, wo CHpUYUHsioms 0e2padayiro Qizuko-
Mexaniunux eracmusocmeu. Ocobaugy HeOe3neKy cmanogiamev OLIAHKU MpyOonposoodie, po3MAuO8aHi 6
HeCcmaoinbHUX IPYHMax abo Micysx i3 NOWKOONCEHUM AHMUKOPO3IUHUM NOKpummsm. /s oyiniogantsa cmiikocmi
mamepiany 00 Oegpopmayili npo8eOeHO Cepity KOPO3IUHO-MEeXAHIYHUX SUNPODYEAHb HA CHREeYIANbHUX 3PA3KAX 34
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pisnux pienie nasanmagicenns (330, 420, 510 Mlla). Pesynomamu cgiouams, wo nicas 41 poxy excniayamayii
cmany demoHcmpye spocmanns oegpopmayii 0o 30% 6 aspecusnux cepedosuwax. Abcomomue 36invuienns
oeghopmayii cmanosumo 3—7%, wo € 0ONyCmMuMUM, 0OHAK ye C8iOYUMb NPO NOMEHYIUHe 3HUINCEHHS HeCyyoi
30amuocmi. Hatinebesneunivuumu cepedosuwamu eusisunucs SEI2 (0.05 M NaCl), SEI5 i SEI6 (3miwani
XJIOPUOHO-CYIb@AMHI eNeKMPONImu), KL CHPUYUHUIU NPUCKOPEHY 0ehopmayito 1l NOCUIeHy HecmabilbHiCmb
npoyecy. Cmanv 171'C menw uymnusa 0o deepadayii, nise 191, wjo nosicHroemocsi IOMIHHOCMSAMU 8 XIMIYHOMY
cknadi ma cmpykmypi. 3okpema, y cmani 19" na nouamxosomy emani oegpopmayis eiodyeacmocs Ha 20-30%
weuoue. Bemanoeneno, wo 6oonesa oecpadayis il HAKONUYEHHS TOKATbHUX NOUIKOOIICEHb MOJICYMb 3HAYHO
SHU3UMU MepMiH eKcnayamayii. Booens, nponuxarouu 6 MiKpoOnoposCHUHU Mma Oedekmu, cCnpuse OKPUXUeHHIO
Memainy, wo 0cobIUB0 KPUMUYHO 8 YMOBAX HeCNOOIBAHUX NEPeBAHMANCEHb — NPUPOOHUX KAMAKAI3MI8, OEHHUX
Oitl yu asapiu. J[ocniodxceHHs 6KA3YIOMb HA HEOOXIOHICMb YPAXY8AHHA MYIbMUPAKMOPHO20 BNAUBY — MEXAHIUHUX
HABAHMAIICEHb, 00820MPUBANOI  eKCnayamayii, cepedosuwja 3 BUCOKOI KOPO3IUHOK a2pecuUsHicmio ma
0ii oomr. Yci yi ¢pakxmopu 6 cyxynHocmi 6usHauaome pieeHb eKCHAyamayiliHo2o pusuxy. 3anponoHo8aHo
BUKOPUCIMOBYB8AMU HAXUTL (DIHATbHO20 8IOPI3Ka KpUBoi Oehopmayii AK iHOUKAMOop 018 NPOSHO3YBAHHA UYEPNAHHS
pecypcy mpyoonpogooy.

Knrouosi cnosa: main gas pipelines, hydrogen pipeline transport, soil electrolytes, corrosion-mechanical
degradation, deformation, bearing capacity.
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