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This paper considers the factors influencing the formation and development of stress corrosion defects detected during the
inspection and overhaul of the main gas pipeline section. The surveyed gas pipeline is made of large diameter steel pipes made
by controlled rolling, produced by various companies, with the predominance of pipes produced by the Khartsyzsk Pipe Plant
(KhPP).The correlation between the geometric parameters of defects is described, whichmakes it possible to estimate the depth of
cracks by external parameters. Mechanical tests by cyclic loading of samples containing cracks, based on the site operation data for
the last 11 years, showedno crack growth in the absence of a corrosivemedium.Micro-X-ray spectral analysis ofmetal and corrosion
products showed no trace of the influence of hydrogen sulphide and nonmetallic inclusions (sulphides) on the development process
of SCC. According to the results of the research, the process of development of stress corrosion on the main gas pipelines located
in the European part of the Russian Federation is described. The organization operating the gas pipeline is recommended to take
into consideration the results of this work during drawing up their repair plan.

1. Introduction

To date, more than a third (36%) of accidents occur on the
main gas pipelines (MG) of the Unified Gas Supply System
(UGSS) belonging to «Gazprom» PJSC as a result of the
development of stress corrosion defects or stress corrosion
(hereinafter referred to as SCC). In the world practice of
transporting natural gas through pipelines, this type of dam-
age has the highest specific gravity among all other causes of
accidents; therefore, during diagnostic examinations this type
of defects is given the highest priority [1–3]. At the same time,
along with the improvement of diagnostic tools, the number
of newly detected CTC defects on UGS facilities is growing
every year. If earlier, about 2,000 CWN defects were detected
per year by methods of in-tube flaw detection (ILI) by
magnetic shells; nowwith the use of electromagnetic-acoustic

projectiles (EMA) this figure reaches 10,000 defects per year
[4]. A large number of SCC defects are revealed by methods
of nondestructive testing (NDT) in pits and during major
overhauls. The absolute majority of defects detected by all
inspection methods (almost 92%) have a measured depth
of less than 10% of the wall thickness [5, 6]. According to
experts, SCC crack of different depths was identified or is
more likely to be detected inmore than amillion pipe sections
during the next surveys [7–9]. This statement is consistent
with the current trend to increase the number of small defects
found.

The repair by replacing even a small part of these pipes
will lead to a reduction in the total volume of UGSS pipeline
overhaul due to the specific increase in the individual sections
repair cost [10–12]. At the same time, the degree of defects’
danger, the depth of which is less than 10–15% of the wall
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Figure 1: Investigated pipeline section.

thickness, under condition that access of corrosive medium
to them is restricted, is determined by many researchers as
insignificant [13–16]. At the present time, there are methods
of repairing the pipelines polymer insulation, which do not
allow the cracks to develop and threaten the reliability of
pipelines for a long time [17, 18]. However, methods for
an accurate assessment of the SCC cracks depth are not
developed, and the factors that influence the distribution of
SCC defects in extended sections are not always considered
systematically during major overhauls.

Thus, the development of systematic methods of combat-
ing negative manifestations of stress corrosion in the form
of accidents (identification, assessment, and targeted removal
of only those defects that may lead to an accident in the
foreseeable future with account of repair of insulation on
other defects) is an urgent task.

The purpose of this study is to determine the factors that
affect the distribution of SCC defects and the rate of their
development during the main gas pipelines operation period.
The second goal is to determine the parameters by which the
depth of cracks can be estimated.

2. Materials and Methods

2.1. Field Studies on the Gas Pipeline Extended Section. For
detailed consideration of operational factors and sampling, a
section of main gas pipeline located in the eastern part of the
European part of the Russian Federation with a length of 25
km was selected (Figure 1).

The selection criteria for the site were the presence of
pipes of various types and the possibility of subsequent
objective control of their technical condition. It was planned
to evaluate the cyclicity over a long period of operation and
compare the data of the ILI and the rejection results obtained
during upcoming major overhaul (100% NDT of the pipe
surface). In addition, a comparison of the electrometric and
physical profile of the section with a real distribution of SCC
defects was carried out.

2.2. Estimation of Cracks Depth by Their External Manifes-
tations. To create a mechanism for estimating the depth of
SCC cracks using direct measurements of their geometric
parameters, 15 samples were made from the rejected pipes,
and 157 cracks were selected and described on these samples
(Figure 2).

The surface of the samples was polished, the largest cracks
in the colony were selected, and their length and width were
measured. After that, the sample was cut and the depth of the
cracks was directly measured on the cross section.

2.3. Cyclic Tests with a Load Similar to the Operational Load.
To determine the effect of cyclic loading on the development
of SCC defects under operating conditions with the excluded
access of the corrosive medium to cracks, cyclic tests of 4
model samples were carried out under four-point loading
conditions with accordance to the accepted industry method
[19]. To justify the choice of cyclic test modes, the whole
range of pressure fluctuations over a period of 11 years
of operation was constructed based on the data from the
operatingmodes log for selected pipeline section.The average
value of the pressure (Pav) was defined as 5.84 MPa and the
cycles with the greatest pressure deviations were identified.
During the selected period, the pipeline section experienced
18 cycles of loading and unloading with the maximum
deviation from the Pav in the range of 17–35%.

In the full spectrum of oscillations, a time interval (T)
was determined, inside which the upper and lower half-
periods were analyzed. In these half-cycles, the cycles with
the greatest amplitude deviations from Pav, equal to 2÷11% of
the working pressure (Pw), were identified. The parameters of
the cyclic pressure change processes in each half-period (Pcac)
were calculated (Figure 3). Based on the analysis of operating
conditions of the investigated section of themain gas pipeline,
it was found that the total number of pressure drop cycles
within one year could be divided into two parts: 30 pulsation
cycles with an amplitude in the range of 2÷11% of Pw and 2
major cycles with an amplitude in the range of 17-35% of Pw.

As a result of the analysis the most conservative loading
regime was chosen for the testing of model samples, which
simulated the work of mail gas pipeline for 20 years of oper-
ation in real conditions. The load variation interval varied
from 1.1 MPa to 7.4 MPa (the maximum working pressure
allowed on the pipeline section), which is characterized by
the asymmetry coefficient of the cycle (R = 0.15). The total
number of cycles was calculated as the total number of
all types of cycles affecting the gas pipeline for the year,
multiplied by the planned interval of operation, equal to 20
years. Thus, the loading mode of the model samples was
carried out in three stages with a change in the load every 640
cycles. The tests were carried out on a tensile machine using
a four-point loading scheme (Figure 4).

To monitor the state of stress corrosion cracks, one
control crack was selected on each sample, the photographic
images of which were recorded with a metallographic micro-
scope before the start of the tests, after the second stage, and
at the end of the third stage of the test.The control was carried
out relative to the initial state programmatically bymeasuring
the number of pixels in the image along the line connecting
the beginning and end of the crack.

2.4. Electron Microscopy. Cracks, cuts, and open corrosion
cracks were studied by electron microscopy and micro-X-
ray spectral analysis. In the course of the study, micro-X-ray
spectral analysis of the elemental composition of corrosion
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Figure 2: Samples with SCC cracks.

Figure 3: The upper and lower half-cycles of the oscillations in the chosen time interval (T).

productswas carried out, and surfacemaps of the distribution
of elements along the surface of destruction were made.

The fractographic and microscopic analysis of the crack
surface was carried out on a TESCAN scanning electron
microscope with VEGA software at magnifications up to
4000 times [19].

Spectral analysis to determine the quantitative chem-
ical composition of the elements was carried out using
the OXFORD INCAx-act energy dispersing attachment in
accordance with ISO 15632: 2002.

Identification of the fracture behaviour by the type of
surface relief was carried out in accordance with [20].

The general view of the TESCAN VEGA SBH Easy Probe
scanning electron microscope and the OXFORD INCAx-act
energy dispersive attachment is shown in Figure 5.

3. Results and Discussion

The density of the SCC defect distribution detected by the
NDTduring the overhaulwasmore than 97 times higher than
expected by the results of the ILI.The average density of SCC
defects on single-seam pipes (imported) is 50 times less than
on double-seam pipes produced at Khartsyzsk Pipe Plant
(KhPP). It was noted that stress corrosion damage localized
mainly near the longitudinal weld. SCC defects of maximum

depth (up to 36% of the wall thickness) were also found on
the KhPP pipes.

The density of the distribution of SCC defects correlates
with the number of KhPP pipes in the pipeline layout.
At the same time, the noted characteristics of the external
environment, as the value of the electrical resistance of the
soil and the height differences along the section profile, do
not significantly affect the distribution of defects. (Figure 6)

During the overhaul, more than 13.5 km of pipes were
rejected on the site, more than 11.5 km (more than 85%)
of them due to SCC defects. In total, more than 58% of all
the double-seam KhPP pipes inspected at the 25-kilometer
section were rejected due to SCC defects. For single-seam
pipes, including imported pipes, the rejection rate due to SCC
was only 7%.

The majority of defects detected during NDT (more than
92%) have a depth of less than 10% of the wall thickness,
which is below the detection threshold of magnetic in-tube
flaw detectors. Therefore, undetected SCC defects can be
present on other sections of the pipeline, and inspection
with more sophisticated in-tube flaw detectors or NDT
inspections in pits (for example, during the overhaul by
reinsulation) will most likely reveal them.

During the research, it was established that there is a
dependence between the main external parameters of SCC
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Figure 4: Cyclic testing of samples according to the four-point loading scheme.

Figure 5: General view of the TESCAN VEGA SBH Easy Probe
scanning electron microscope.

cracks. The crack length-to-width ratio was 10:1 and the
width-to-depth ratio was 0.06: 1.Thus, at a depth of 1-1.5 mm,
the opening width is 0.06 mm; with a depth of 2-2.5 mm, the
opening width is 0.12 mm (Figures 7(a) and 7(b)).

Measurement of the crack opening width was carried out
using a measuring magnifier with an accuracy of ± 0.01 mm.
In this case, the absolute limit error for the twomeasurements
was ± 0.016 mm and the relative errors for each of the

measurements were 𝛿1 = 28% (section A) and 𝛿2 = 24%
(section B), respectively.

After carrying out the cyclic tests, which were controlled
by the metallographic method (Figures 8 and 9), it was found
that, in the absence of a corrosive environment, the stress
corrosion crack retained its original state after all the test
stages. During the tests, no formation of new cracks-branches
and other changes in the morphology of the crack apex
was recorded. Thus, during the three stages of testing cycles
simulating the operation of the real pipeline section (load-
unload cycles), the development of existing stress corrosion
cracks has not occurred (Figure 9).

Ten cracks were opened out by excessive force in order to
study the resulting fracture. Analysis of the fracture surface at
small magnifications showed that the upper part of the crack
is completely filled with oxides. The soil brine constantly
permeated and oxidized the internal surface of the crack
during the operation life of the pipeline. The oxides formed
also wedged and deformed the inner surface. Micro-X-ray
spectral analysis of the elemental composition of corrosion
products also showed that the cracks are completely filled
with oxide. The distribution of various elements along the
fracture surface is represented on the distribution maps of the
elements (Figure 10).

As it can be seen from the distribution maps of the
elements, there are no obvious phase boundaries. Corrosion
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Figure 7: Microscopic examination of cracked sections.
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Figure 11: Maps of elements distribution in a stress corrosion crack: (a) electronic image of the crack; (b) distribution of manganese; (c)
distribution of iron; (d) distribution of carbon; (e) distribution of sulfur.

products are evenly distributed inside the crack. The images
in the iron, oxygen, and carbon spectra are homogeneous
and equally bright, indicating either a monophasic break in
the oxide or even mixture of several phases. The expected
composition of corrosion products is either a homogeneous
Fe

2
O

3
or a mixture of Fe

2
O

3
and FeCO

3
.

To determine the effect of metallurgical impurities and
additives on the development of cracks, the surface of the
sections was also mapped in the spectra of sulfur and
manganese. Due to limitations of the method, spectrometric
data were not used to quantify the ratio of oxygen and carbon
in corrosion products and in the base metal. During the

mapping process, the main goal was to identify points with
a local increased content of individual chemical elements
corresponding to nonmetallic inclusions, their subsequent
detailed analysis in case of revealing their influence on the
process of material destruction, and subsequent detailed
analysis of such points in case of revealing their influence on
the process of material destruction.

The maps show an image of cracks in the samples in
the spectra of iron, oxygen, carbon, sulfur, and manganese
(Figure 11). An increased sulfur content in corrosion products
was not observed, as evidenced by the different brightness of
the elements spectrum image in the transition from the base
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Figure 12: Maps of elements distribution in a stress corrosion crack. Increased local sulfur content (manganese sulphide).

metal to the crack. A reduced content of iron and manganese
and a high content of oxygen and carbon in the products of
corrosion were noted (Figure 11).

The sulfur content in the corrosion products does not
exceed the sulfur content in the base metal. Images in
the spectra of manganese and sulfur are homogeneous and
equally bright both in the cross section of the base metal and
in the section of the crack. In some samples, a lower sulfur
content can be noted with the exception of some local points
(Figure 12).

Thus, the coincidence of the increased concentration of
manganese and sulfur in some sections of the map indicates
the presence of sulphide nonmetallic inclusion. As seen in
the electronic image, these nonmetallic inclusions are not
the sources of development of destruction. In the remaining
volume of the crack, the sulfur content does not exceed
the sulfur content of the metal, and the total contamination
of the material with sulfur does not go beyond technical
specifications.

Based on the data obtained as a result of the research, it
is possible to assume a scenario for the development of SCC
defects in the main gas pipeline.

During the construction of the pipeline, film insulation
materials with on-site application were used, which during
the period of operation lost their necessary technological
properties. This is reflected in the fact that, during the
operation of the pipeline, corrugations and pockets appeared
in some places on the insulation coating. Corrosion-active
soil electrolyte penetrated damaged insulation areas.

Later, these corrosion pits continued their growth and
became concentrators of mechanical stresses in the pipeline
wall. The source of these stresses were constant pressure
pulsations from operating gas pumping units and gas tem-
perature fluctuations due to the nonstationary operation of
the gas compressor station.

The first microdeformations appeared, leading to the
appearance of sharp cracks. Further, the cracks developed
irregularly, under the influence of operational loads. In the
development of the defect, a continuous process of corrosion
was of decisive importance, stimulated by a constant inflow
of heat along with the transported medium. The soil brine
continued to penetrate into the cracks, wash out corrosion

products, and deliver portions of the new electrolyte to the
crack vertex.

Analysis of the effectiveness of various methods of non-
destructive testing has shown that a colony of cracks can be
identified by all available mass methods used in the oil and
gas industry. However, in order to improve the efficiency of
SCC defect detection, it is necessary to take into account and
track factors that increase the predisposition of sites to this
type of destruction.

The morphology of the detected defects corresponds to
modern concepts of SCC defects. Defects are identified as
cracks on the bottom of corrosive pits. They are grouped
in colonies, oriented along the axis of the tube during their
growth and branch along the section with the tendency to
merge with one another.

The effect of sulfur and its compounds on the process of
stress corrosion is not a significant factor, as there was no
increased sulfur content in corrosion products. The phase
composition of the corrosion products within the cracks
is homogeneous across the crack cross section. The phase
boundaries and the sections, which differ sharply in chemical
composition, were not found.

Traces of the predominant effect of impurities and non-
metallic inclusions were not found.The structure of the metal
is homogeneous and corresponds to the structure of rolled
metal.

It was found that there is a consistent pattern between
the width of the opening and the length of the crack. A
simple statistical generalization showed that the length-to-
width ratio could be described as 10:1 and the width-to-
depth ratio as 0.06:1. Since the majority of SCC cracks in
the investigated samples are the same in origin, size, and
morphology, it can be said that such a regularity exists in this
particular case of SCC.

The appearance of cracks can be influenced by a variety
of technological factors, laid down at various stages of the life
cycle of the product. Such a factor can be the contamination
of the pipe metal by harmful impurities and the presence of
residual stresses in the pipewall after and duringmanufacture
at the stage of pipe production. In addition, these factors can
include increased values of stresses in the pipelinewall, which
arose due to flaws in construction design and installation
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work at the pipeline construction stage. This includes the
nonprojected position of the pipe in the trench, unplanned
soil movements, and welding stresses. The nonstationary
operation mode of the pipeline also has a great influence,
namely, the constant pulsation of the pressure and tem-
perature of the pumped medium. Equally important is the
corrosive activity of the ground in contact with the pipeline
and the quality of the anticorrosive insulation at the stage of
gas pipeline operation period.

Film insulation with on-site application does not provide
long-term protection of the pipe body from SCC defects.
After several years, due to soil movement and degradation
of the coating, corrugations and pockets are formed in it,
which collect soilmoisture. Such conditions create a favorable
environment for the development of corrosion defects. In
the future, under the influence of these conditions and in
the presence of an appropriate stress state, SCC defects can
form. The insulation coatings used in newly constructed and
repaired pipelinesmust provide long-term reliable protection
of the pipe body against the corrosive effects of the environ-
ment in the operating conditions of main gas pipelines.

The main factor that can be detected and affects the
distribution of stress corrosion, with other factors being
equal, are the technological features of the pipe materials
embedded in the product during its production stage. Pre-
sumably, this is the degree of local plastic deformation and
the number of transitions during the formation of the pipe
and sheet material and the thermal and high-speed welding
of the longitudinal seam of two-seam pipes. To confirm this
assumption, it is necessary to assess the residual stresses on
the wall of the affected pipe and draw a map of them.

The presence of a corrosive medium is a prerequisite for
the destruction of the pipeline wall due to the development
of a SCC defect.

4. Confirmations

The presence of empirical dependence should be verified on
a large statistical sample. Also, it is necessary to connect the
external manifestations of SCC (the length of cracks and their
opening) with the depth of stress corrosion damage. If such a
relationship is confirmed in other cases of SCC, then it will be
possible to describe the growth of a crack and the rate of its
propagation in the general case with the sufficient accuracy.
It will also be possible to build a mathematical model of the
crack and calculate the residual life cycle of the pipeline using
the finite element method.

Such an approach will make it safer to reuse the KhPP
double-seam pipes during major overhaul, which is allowed
only after a comprehensive evaluation of each pipe. In
determining the degree of danger of each specific defect, a
methodology for estimating the static strength of gas main
pipeline with colonies of corrosion cracks is tested and used
in “Gazprom transgaz Samara” LLC [21]. If, in addition
to the nondestructive testing methods used in the survey,
the external crack parameters are used and the calculation
is performed using the largest depth obtained by different
methods, then the assessment of the SCC crack danger will
become more accurate.

The organization operating the gas pipeline is recom-
mended to take into consideration the results of this work
during drawing up their repair plan.
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