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A B S T R A C T   

The paper presents findings of a study on planar defects formed on the inner surface of gas pipeline metal in the 
operation process. The diagnostic indicators of a defective section were determined and analyzed using the 
intelligent pigging data. A broad range of research was carried out, including visual and measuring control of the 
object, step-by-step ultrasonic thickness measurement, chemical analysis, optical and electron microscopy, 
microhardness measurement of defective and defect-free areas, static tensile and impact bending tests. The 
structure and morphology of defective and defect-free areas were considered. It was determined that the cause of 
the defects is contamination of the source material with gas pores and fluorspar residues. The defects of planar 
nature are formed during rolling and can be characterized as metal delamination. The maximum detected 
thickness of the inclusions was 1.0 mm, however, the main part was rolled to 10.0 μm. The key feature of defects 
is their location on various levels throughout the wall cross-sections, ranging from one to four detected layers or 
groups of rolled discontinuities. It is shown that such defects lead to a change in the strength properties of 
defective area, uneven distribution of loads and reduction in safety margin of the object.   

1. Introduction 

The length of main gas pipelines operated in the world exceeds one 
million kilometers. The USA (485,600 km [1]), Russia (175,200 km [2]) 
and European countries (142,700 km [3]) are the most advanced in this 
respect. Explosion and fire hazard, high pressure, significant depen-
dence of electrical power generation and chemical industry on natural 
gas impose strict requirements on reliability of gas pipelines. 

Comprehensive and open statistical data on the operation of gas 
pipelines in Europe for the fifty-year period [3] demonstrate that from 
1970 to 2019 the number of failures and accidents decreased by more 
than six times. Furthermore, the number of recorded failures since 2010 
has been quite stable, ranging from 0.12 … 0.13 per 1000 km in a year. 
The principal factors responsible for failures are external effects, 
corrosion, material defects and soil movements. One of the priorities in 
the further operation of hazardous facilities distributed over large areas, 
including gas pipelines, is to reduce the number of failures or keep it 
low. 

It is almost impossible to forecast destructive external effects, which 
periodically cause failures, but their influence can be moderated by 
organizational measures, restricting the access into protected zones and 
placing the warning signs. The impact of corrosion damage is investi-
gated in details and the methods of metals protection from corrosion are 
developed. The branch of science focused on this problem is well 
structured and represented by a wide range of studies [4–8] and 
anti-corrosion protection methods [9–11]. Currently, these studies are 
being continued, and modeling systems are used more frequently to 
predict the behavior of the objects under study for a further period 
[12–14]. 

A number of papers consider difficult to forecast soil movements, 
which lead to structural failures [15–17]. The highest risk for the 
operation of hazardous industrial facilities, including gas pipelines, is 
the combined effect of diverse factors [18,19]. The research into the 
combined effect of factors is more interesting, and in the future its 
outcomes will help to reduce operational failures that have remained 
relatively unchanged over the past decade. 
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The most effective inspection technique of long-distance pipeline 
sections enabling assessment of their technical state is intelligent 
pigging. Introduction of new technologies, inspection of a wider range of 
gas pipelines make it possible to detect and eliminate potentially 
dangerous defective sections. However, it does not completely guar-
antee trouble-free operation. 

In recent years, different non-destructive testing (NDT) techniques 
have been developed for in-line pipeline inspection. The main tech-
niques are magnetic flux leakage (MFL) testing and ultrasonic testing 
(UT). It should be noted that there are other techniques of in-line in-
spection, such as electromagnetic acoustic technology (EMAT), eddy 
current testing (EC), with the additional use of various methods of me-
chanical or laser profilometry [20–24]. UT is the most accurate tech-
nique for controlling the structure and metal defects, but at this stage of 
development this technique is available for use only with a contact fluid, 
which can be transported products, for example, oil, products of its 
processing or other fluids. It is possible to use ultrasonic techniques 
when filling pipelines with water, however, many associated problems 
arise, such as the huge required volume, subsequent treatment of the 
used water and its removal from the pipeline. Therefore, for the control 
of gas pipelines, MFL techniques are currently preferred as they do not 
require contact fluids. 

This work analyses a defective section of a pipeline containing in-
ternal flaws in the pipe metal such as rolled inclusions and gas pores. The 
area with delaminations is located on the same piping spool, its total 
length is 5.58 m and it covers approximately 40% of the perimeter. 

During intelligent pigging, the anomaly was recorded at a distance of 
0.8 m from the weld seam and classified as a technological defect. Ac-
cording to the diagnostic gauge data, its dimensions were 104 × 47 mm. 
The delamination zone, distributed along the entire length of the pipe 
and covering approximately 40% of the perimeter, was identified during 
non-destructive testing of the defective section. The paper compares the 
results of intelligent pigging with the results of direct non-destructive 
testing when accessing the inner and outer walls of the pipe. The 
extended studies of the material physical properties in the defective and 
defect-free zones, metallographic studies were performed. 

The aims of this work are to study the defective section of the 
pipeline, determine the effect of the changed metal structure on the 
physical and mechanical properties of facilities, describe characteristic 
diagnostic features of the defective section obtained during in-line flaw 
inspection. 

2. Materials and methods of research 

2.1. Object of research 

The object of research is a section of longitudinal electric-welded 
pipe in the gas pipeline laid underground with the outer diameter of 
325 mm and a nominal wall thickness of 8.0 mm. It was operated for 
more than 25 years and displayed some delamination-type defects (see 
Fig. 1). 

The pipe under study contains internal planar inclusions located 
along its entire length and directed parallel to the pipe wall. In addition, 
a number of defects evolved in the operation process. As a result, a 

Fig. 1. Inspected site with a defective pipe.  

Fig. 2. Delaminated fragment cut out from the pipe.  

Fig. 3. Delaminated fragment cut out from the pipe.  
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fragment of metal delaminated on the inner surface. This delaminated 
fragment was detected during intelligent pigging; moreover, it was 
deformed by the pigs (Figs. 2 and 3). The gas pipeline was operated 
under standard settings with the internal pressure up to 7.5 MPa and 
inspected with a certain frequency specified by the federal laws of the 
Russian Federation and PJSC Gazprom standards. 

2.2. Analysis of the chemical composition 

The chemical composition of the pipe metal was analyzed using an 
optical emission spectrometer PMI-Master UVR-PRO (WAS AG, Ger-
many) to specify the steel grade and accurately determine the amounts 
of impurities and alloying elements. The emission spectrometer makes it 
possible to determine with high accuracy the presence of elements in 
low-alloy steels in the range presented in Table 1: 

2.3. Analysis of the intelligent pigging results 

The analysis was focused on results of intelligent pigging, geometry 
pigging with a pig Relyef-300, magnetic pigging with pigs MDR-300 and 
MDPR-300 (Russia) of longitudinal and transverse magnetizing. 

The geometry pig is equipped with sensors with a polling step of 5.0 
mm, the dimensions of the minimum detectable defects are 5 × 10 × 10 
mm, determination accuracy of defects location relative to welded 
seams is 0.5% of the distance. Flaw detectors of longitudinal and 
transverse magnetization have 160 and 128 sensors, respectively, 
operating with a step of 4 mm along the longitudinal axis. With a 
probability of detection (POD) of 90%, the minimum size of a single 
crack in the base metal is 60 mm with an opening of 0.1 mm, the min-
imum defect depth is 1.6 mm. The error in determining the length of the 
crack is ±30 mm. 

The intelligent pigging results were compared with the actual pa-
rameters of pipes and flaws obtained during examination in the pit and 
after the defective fragment was cut out. 

2.4. Non-destructive control 

Visual inspection of the sample was conducted, and the geometrical 
position, characteristics and dimensions of flaws were specified. A 
stepwise ultrasonic testing by pulse-echo method was carried out using 
an automatic flaw detector UMU Skaruch of Scanner series with an 
acoustic block for thickness measurement No. 129 (Altes LLC, Russia) 
that includes 4 dual piezoelectric elements 12 × 4 mm in size and 
operates at a frequency of 4 MHz. Visualization of thickness measure-
ment data and their analysis were conducted by the method described in 
Ref. [25]. The expanded uncertainty for POD = 95% and a coverage 
factor equal 2 are estimated ±0.3 mm in all measurement ranges. 

2.5. Microstructure analysis 

Microsections of samples were prepared for microstructure analysis. 
Samples 200 mm in length were cut with cooling and prepared using 
Aka-Clear sample preparation materials (Akasel A/S, Denmark). Pol-
ishing was carried out on a metallographic grinding and polishing ma-
chine LS2+LSA (Remet, Italy). The microsections were inspected before 
and after etching in a four percent nital solution. Microsections of the 
samples were investigated by light optical microscopy with a magnifi-
cation up to 500× on a binocular optical metallographic inverted mi-
croscope METAM LV-31 (JSC LOMO, Russia) and by scanning electron 
microscopy on a scanning electron microscope TESCAN (Tescan, a.s., 
Czech Republic) with VEGA software. The elemental composition of 
metal fragments was investigated by an energy-dispersive tool INCA 
(Oxford Instruments Analytical, Great Britain). 

2.6. Micromechanics tests МикроМеханические испытания 

The assessment of mechanical properties along the pipe cross-section 
required the Vickers hardness measurement performed by HV-1000 
microhardness tester (TIME Group Inc., China). For the test sample, 
the limits of permissible absolute error are ±10 HV. 

Table 1 
Measurement ranges of elements (% mass fraction).   

C Si Mn Cr Ni Al Cu S P 

Minimum 0.01 0.005 0.002 0.002 0.005 0.001 0.002 0.002 0.003 
Maximum 1.6 2.25 2.5 5.5 5.5 1.5 0.8 0.4 0.125 

The limits of permissible errors are ± (0.003 … 0.16)% of the mass fraction. 

Fig. 4. Samples prepared for impact toughness tests.  
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2.7. Impact bending tests 

The impact toughness was measured by Charpy V-notch test ac-
cording to GOST R ISO 148-1-2013 “Metallic materials. Charpy 
pendulum impact test. Part 1. Test method”. Three samples with sizes 
55 × 7 × 10 mm cut out of defect-free zones and three samples cut out of 
sections with flaws (Fig. 4) were tested. 

Several samples came apart during their preparation and were 
rejected as defective. The samples, in which the flaws did not cover the 
entire area, were tested. V-notches 2 mm deep were made mechanically. 
The tests were conducted using a pendulum impact tester IO 5003-0.3 
with an absolute error limit of ±1.5 J. Samples were prepared in cryo- 
chamber KKM-1M (ZIP LLC, Russia). Before testing samples were 
cooled to − 40 ◦C. The limit of the permissible value of the error is ±1◦С. 

2.8. Static tension tests 

The static tension tests were conducted as specified in GOST 10006- 
80 “Metal tubes. Tensile test method” using a tensile testing machine IR 
5113-100 (JSC Tochpribor, Russia). Three flaw-free samples as well as 
eight samples cut out of defective sections were prepared and tested. The 
samples were prepared as specified for Type II in GOST 1497-84 “Metals. 
Methods of tension test”. The tests were conducted at the ambient 
temperature of 19◦С. The permissible values limits for confidence in-
tervals of the total relative error with a confidence probability Р = 0.95 
are not more than ±1%. 

2.9. Finite element modeling 

Calculation models were built to determine the effect of various 
physical and mechanical properties within one pipe on the distribution 
of strains and stresses in the operated area. The calculation model is 
represented by a defective pipe, 5 m long, placed between two defect- 
free pipes, 10 m long. The defective pipe is modeled from two parts 
having the properties of a defect-free and defective material, respec-
tively. The perimeter length of defective part is 40% of the total 
perimeter and close to the actually measured on the object. For a 
comparative analysis, a second calculation model was built, in which 
there are no defects and deviations in the properties of the considered 
pipes. The model was constructed and the finite element calculation was 
performed in the ANSYS environment (ANSYS Inc., USA). 

3. Results and discussion 

3.1. Analysis of the chemical composition 

Table 2 presents the results of pipe metal testing using the PMI- 
Master UVR-PRO optical emission spectrometer. The testing revealed 
no deviations in ultimate values of the alloy components; the metal 
composition corresponds to steel 20 according to GOST 1050-88, as 
given in the pipe certificate. 

Despite the high accuracy of chemical composition analysis, 
including the carbon content, it should be taken into account that 
changes in the depth of the object cannot be analyzed in this way. The 
analysis of the chemical composition was carried out on the outer sur-
face of the pipe. 

3.2. Intelligent pigging results 

Intelligent pigging, that detected the defective section, was carried 
out for the first time since the pipeline commissioning. In total, the pigs 
were pushed through the pipe seven times: four scrapers and three 
diagnostic pigs. 

More than 176 kg of impurities were removed from the gas pipeline 
by cleaning scrapers, and in addition nearly 50 kg sediments were 
removed by the diagnostic pigs. The total length of the pipeline 
amounted to 44.69 km. No emergency situations, blockages of the 
equipment or ruptures in the gas pipeline were reported. When passing 
through the pipe under inspection, all three diagnostic pigs detected 
anomalies in the zone of detached material. The data obtained from pigs 
of longitudinal and transverse magnetizing were interpreted as local 
metal losses. 

The readings of geometry pig were not matched with the anomalies, 
since there were no clear evidences of changes in the pipe geometry, and 
the deviations might have been caused by other factors. 

Nevertheless, an obvious diagnostic indicator was obtained when 
comparing the actual physical configuration of the inner pipe surface 
after cutting out, the magnetograms from transversal (Fig. 5a) and 
longitudinal (Fig. 5 b) magnetization with the visualization of the results 
of geometry pigging (Fig. 5 c), which demonstrated oscillatory move-
ments in the defective zone. Based on the intelligent pigging data this 
indicator makes it possible to classify clearly the defective zone as a 
metal delamination on the inner surface accompanied by bending of the 
detached fragment. 

Such flaws were found not very often, so they had no sufficient 
criteria for identification. The width of the bent metal part was 
approximately 40 mm with the thickness from 1.0 to 1.5 mm; the 
bending of the detached part might have been caused by the cleaning 
scrapers. 

3.3. Non-destructive control 

Delamination-type flaws were not detected on the outer pipe surface. 
On the inner surface, the delaminated section 40 mm wide and 80 mm 
long is bent along the gas flow (Figs. 2 and 3). 

The stepwise ultrasonic measurement of thickness was carried out 
with a step of 2 mm on the entire pipe perimeter over the section with a 
visible delamination (Fig. 6) and over the adjacent zone at the distance 
of 300 mm (Fig. 7). The thickness measurement diagrams were plotted 
to demonstrate the cross-section of the pipe profile. The results revealed 
that the distribution of multiple flaws along the height of the pipe wall 
does not allow the presence of delaminations emerging on the inner 
surface to be to identified with a high degree of certainty. Reflection of 
signals from overlying flaws does not make it possible to determine the 
presence of underlying defects or determine the wall thickness con-
taining inclusions. In this case a slightly higher defectiveness degree of a 
pipe sector with surface delaminations can be determined indirectly. In 
the zone without surface delaminations there are points with measure-
ments passing the entire wall thickness (Fig. 7). Since delamination 
defects throughout the wall thickness were not detected by the magnetic 
pig-assisted method, a surface delamination inside the pipe can be found 
only by the radiographic testing without the direct access to the inner 
surface. However, this testing will reveal defects only with the clear 

Table 2 
Chemical composition analysis of the pipe material.   

Chemical element 

C Si Mn Cr Ni Cu Al S P Fe 

Defective pipe 0.214 0.281 0.534 0.07 - 0.026 0.045 0.01 - 98.82 
GOST 1050-88 0.17  

…  
0.24 

0.17  
…  
0.37 

0.35  
…  
0.65 

< 0.25 < 0.3 < 0.3 - 0.035 0.03 remaning  
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Fig. 5. Results of intelligent pigging (а – magnetogram of the transversal magnetizing pig, b – magnetogram of the longitudinal magnetizing pig, c – visualization of 
the geometry pig data). 
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bend of the detached layer. It should be noted that the radiographic 
testing of long-distance pipeline sections would be cost-and time- 
intensive. In the case under study, a zone adjacent to delaminations 
demonstrates a slightly lower density of defects which is expressed in the 
division of the extended section into several smaller ones. It is empha-
sized that the detection and hazard assessment of zones with such 
laminations is now a burning issue necessitating the search for addi-
tional solutions [26,27]. Detection and assessment of the danger of such 
delaminations remains an urgent task that necessitates the search for 
additional solutions, which is also noted in Ref. [21]. 

3.4. Optical microscopy 

The microstructure of the base metal in samples was analyzed. 
Multilevel, extended delaminations of various thicknesses were found 
when examining microsections without etching (Fig. 8). 

Areas with chemical inhomogeneity were identified when examining 
the samples after etching. Namely, an increased carbon content was 
recorded in the middle part of the pipe, which is confirmed by a higher 
content of perlite grains. 

The defective pipe section exhibits inhomogeneous ferrite-pearlite 
structure in layers (Fig. 9), moreover, there are delaminations with 

Fig. 6. Results of stepwise thickness measurements above the zone with external delamination (а, b, c, d – thickness measurement diagrams from ultrasonic sensors 
1, 2, 3, 4, respectively). 

Fig. 7. Results of stepwise thickness measurements above the zone without external delamination (а, b, c, d – thickness measurement diagrams from ultrasonic 
sensors 1, 2, 3, 4, respectively). 

Fig. 8. Optical microscopy of defective zones before etching (а – with significantly thick flaws, up to 1 mm; b – with numerous rolled defects, up to 5 μm thick).  
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inclusions from 10 μm to 1 mm in the pipe body. The structure of the 
defect-free zone has a ferrite-pearlite structure, homogenous throughout 
the wall thickness, which is typical for low-alloyed hypoeutectoid steels. 
When determining an amount of carbon by the Rosiwal method during 
the phase composition analysis, it was established that the percentage of 
pearlite amounted to 23 … 28% in the defect-free pipe zone, it corre-
sponds to 0.184 … 0.216% of carbon and accords with the steel grade 
given in the certificate (steel 20 specified by GOST 1050-88). Nearly the 
same amount of pearlite was detected at the depth of 2–3 mm from both 
sides of the outer wall surface in the defective pipe. Along the axis of the 
flaw part there were different structurally inhomogeneous zones, 
including a stripe-like structure, accumulations of up to three-four 
ferrite layers and zones with a higher concentration of pearlite. The 
volume of the pearlite phase, determined by the Rosival method, in such 
areas reaches 60%, which corresponds to 0.48% of carbon, and goes 

beyond the permissible limits of the chemical composition of the ma-
terial used. Steel with a higher carbon content has higher strength 
properties, but a reduced relative elongation, which should be reflected 
in the results of mechanical tests. 

3.5. Microhardness measurement 

The microhardness measurement pointed out significantly different 
data in defective zones; it is attributed to the chemical inhomogeneity of 
the inclusions and the metal near inclusions. The microhardness of 
defect-free samples ranged from 159 to 172 HV0.3/10. The minimal 
measured microhardness in flaw samples was 152 HV0.3/10, whereas 
the maximal one amounted to 238 HV0.3/10. Anomalous readings are 
located closer to the middle of the wall, representing ferrite layers with 
lower hardness, or local areas with an increased carbon concentration 

Fig. 9. Optical microscopy of the defective zone with parallel inclusions up to 50 μm after etching.  

Fig. 10. Macrophotography of fractures in samples (а – defect-free sample, b, c, d – samples with internal flaws).  
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and pearlite grains, which have a higher hardness. It is also determined 
that the deviations occupy no more than a third of the wall thickness. 
Such a deviation of the physical characteristics, to the greatest extent, 
should affect the characteristic of the relative elongation of the samples 
during tensile tests, however, the presence of inclusions located at 
different levels along the wall thickness does not allow the results to be 
forecasted unambiguously. 

3.6. Impact bending tests 

Dynamic notched bending tests are used to detect the tendency of 
metals to brittle fracture. Impact toughness is a complex parameter 
showing the strength and plasticity of a material. Generally, such tests 
are carried out to assess the aging of a pipe material but this parameter is 

of the same importance for the determining parameters of operated 
materials, including the role of deviation in the structure. It should be 
noted that a significant number of studies of the metal of gas pipeline 
pipes operating under high internal pressure describe a decrease in the 
impact strength index [28–31]. Studies also show that a change in 
impact strength occurs on objects with a safety margin of less than 1.6 … 
1.8. In Ref. [32] it was shown that with a safety margin exceeding 2.0, 
internal microplastic deformations are insufficient for microstructural 
changes in the metal, and the properties of the metal did not change 
after long-term operation. In Ref. [31], the safety margin of the object 
was ~1.5, while the impact strength decreased by half as a result of 
long-term operation. 

Structural features of materials also have a significant impact. The 
material in defective zones has a different structure, number of layers, 
thickness, length and nature of inclusions, and in the object under study 
all inclusions are parallel to the rolling plane. Furthermore, chemically 
inhomogeneous zones were found in defective samples, having a hard-
ness different from that measured in the zones adjacent to the outer and 
inner surfaces. The notches of samples were made perpendicular to the 
rolling plane to exclude layers without stress risers. 

Studies of multilayer samples [33,34] showed an increase in the 
impact toughness values, regardless of the direction of made stress 
risers. The most considerable increase in impact toughness was regis-
tered quite expectedly when testing samples notched in the planes 
parallel to layers. Such augmentation was supported by the blocked 
crack propagation, e.g. by interfaces of layers without initiated stress 
risers. For fractured samples containing layers perpendicular to stress 
risers the impact toughness also increased but for another reason: 
additional work on opening the inter-layer boundaries. The study of the 
impact strength of samples with local in-plane defects of industrial 
rather than artificial nature, additionally having a heterogeneous 
chemical composition, has been poorly studied. However, the tests 

Fig. 11. Results of samples testing.  

Fig. 12. The defective sample surface after impact toughness tests (a – surface appearance; b – zone of brittle rupture; c – zone with the brittle and viscous fracture 
boundary; d – zone of viscous fracture). 
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carried out in this work revealed good agreement with the tests results of 
artificially created layered samples. 

Defect-free samples in the analysis of fractures showed a character-
istic fracture structure for low-carbon steels (Fig. 10 a). The surface has a 

viscous fibrous zone and a brittle zone, as well as a rupture area on the 
opposite side of the zone adjacent to the notch and shear lips on the 
edges of samples. 

The defective samples differ from the defect-free ones by the 

Fig. 13. Tension diagrams based on the test results (a-d, f-i – test results of defective samples in comparison with the flaw-free ones; e − test results of the defect- 
free sample). 

Fig. 14. Consolidated test results (a – tensile strength; b – yield strength; c – tensile elongation, d – reduction of area).  
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Fig. 15. Fracture dynamics of sample S7 containing layers with different characteristics.  

Fig. 16. The fracture dynamics of sample S8 with inner delaminations.  

Fig. 17. Geometry of the modeled section.  
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heterogeneity of surfaces and a reduced or even non-existent brittle 
rupture zone. The defective zones in the form of thin longitudinal in-
clusions significantly increased the impact toughness. The samples with 
inclusions demonstrate a reduced (Fig. 10 c, d) or non-existent (Fig. 10 
b) brittle rupture zone. 

Inner discontinuities with the maximal thickness up to 50 μm, which 
are not connected with each other, caused a significant increase in 
viscous component during testing. An average value of impact toughness 
in defective samples was almost twice higher that in the defect-free ones 
(Fig. 11). 

3.7. Electron microscopy 

An X-ray microanalysis of flaw zones was conducted and reported in 
Ref. [35]. It revealed that inclusions are of different origins and contain 
mainly fluorite residues and rolled gas bubbles. Electron scanning mi-
croscopy of the defective sample surface was carried out after impact 
toughness tests. The sample presented in Fig. 12 was analyzed; its 
macro-photo is given in Fig. 10 d. The small zone has a brittle, trans-
crystalline fracture structure (Fig. 12b), surrounded by the surface with 
a fractured fibrous structure (Fig. 12d). Zones with intercrystalline 
fractures were not detected in samples; this fact confirms that there is no 
intergranular segregation of harmful particles or steel aging with car-
bide precipitation along the grain boundaries. 

3.8. Static tension test 

Static rupture tests (Figs. 13 and 14) were carried out using 11 
prepared samples. Eight samples were cut out of defective zones, and 
three samples were taken from a defect-free zone. The test results of 
defect-free samples demonstrated slightly different parameters, which 
characterize low-carbon pipe steels; the deviations were within a sta-
tistical error and did not exceed 1.5%. An averaged result was taken as a 

basic flaw-free sample. 
Defective samples fracturing showed that the metal properties 

changed significantly because of the chemical heterogeneity and inner 
interfaces. The tensile strength and the yield strength slightly increased 
by 6.6% and 3.3%, respectively. Flaws had the strongest effect on tensile 
elongation which decreased by 25.2% on average. 

The effect of defects was most pronounced on the sample S7 
(Fig. 15), where the material during testing was divided into two zones, 
with significantly different characteristics and rupture points distant 
from each other. The sample also clearly shows an additional area of 
thinning of the layer fractured first and located in the lower part of the 
sample. 

The other samples demonstrated almost similar fracture dynamics: 
separation into layers and their nearly simultaneous fracture. The 
typical model of fracture dynamics is presented on the example of 
sample S8 (Fig. 16). The sample has one visible extended layer. How-
ever, defects located along the same axis during elongation merge and 
additional defective lines are revealed (see Fig. 17). 

The middle part of a sample fractured (Fig. 16d) but edge parts bear 
load for some period of time and resist fracture. The final fracture zone is 
detected nearly on the same level (Fig. 16 g). 

All samples except for S1 demonstrated a slightly increased tensile 
strength if compared with the flaw-free samples. Sample S1 exhibited a 
decreased tensile strength due to deeper, up to 0.5 mm, inclusions found 
throughout the wall thickness, this fact reduced a real area of the ma-
terial under study. 

3.9. Finite element modeling 

Modeling of the stress-strain state of the pipe section was performed 
taking into account the elastic-plastic properties of the material, the 
bilinear kinematic hardening option was chosen when modeling the 
plastic behavior of the material. The real data obtained during the ex-

Fig. 18. Defect-free section (a – equivalent stress; b – total deformation).  

D. Zhukov et al.                                                                                                                                                                                                                                 



International Journal of Pressure Vessels and Piping 199 (2022) 104765

12

periments were used to calculate the tangent modulus 

Ep =
σt − σy

εt − εy
(1)  

where: 
σt – tensile strength, MPa; 
σy – yield strength, MPa; 
εt – tensile elongation; 
εy – yield elongation; 
In a defect-free material, the tangent modulus is 426.47 MPa, in a 

defective one – 667.98 MPa. 
The deformation distribution gradients of an object with uneven 

physical and mechanical properties of the material are of considerable 
interest for determining the behavior of such sections during operation. 
Numerical experiments showed that the distribution of deformation and 
stress occurs unevenly when modeling normal operating conditions, 
represented only by internal overpressure, with heterogeneous metal 
properties within the same pipe. Summary results are shown in Table 3. 

The safety factor of the section is equal to the ratio of the yield 

strength to the operating stresses in the material: 

n=
σy

[σ] (2) 

The safety factor of the defect-free section will be 2.59, of the 
defective section 2.04. Based on the modeling results, it was found that 
the presence of parts with different physical and mechanical properties 
of the metal in one pipe leads to a violation of the uniform distribution of 
stresses and deformation not only in it, but in adjacent areas as well. At 
the same time, the maximum stresses reaching 176.66 MPa (27% higher 
than in the defect-free section) occur on the pipes adjacent to the 
defective one. Sections containing pipes with heterogeneous physical 
and mechanical properties have a significantly lower margin of safety 
during operation, in the case under consideration, by 20%. 

4. Conclusion  

1. The inspection of the internal pipe surface containing delamination 
and the comparison of results obtained by three diagnostic pigs made 
it possible to reveal a diagnostic indicator to classify the defect as a 

Fig. 19. Modeling of a pipe section consisting of parts with different properties (a – equivalent stress; b – total deformation).  

Table 3 
Summary of modeling results.  

Modeling conditions Maximum values Minimum values Range 

Stress, MPa Deformation, mm Stress, MPa Deformation, mm Stress, MPa Deformation, mm 

Defect-free (Fig. 18) 138.84 0.10726 125.15 0.10401 13.69 0.00325 
Defective pipe section without internal flaws (Fig. 19) 176.66 0.22589 58.835 0.001396 117.825 0.224494  
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delamination occurring on the inner surface with a bent of the de-
tached metal fragment. This indicator is the coincidence of anomaly 
zones revealed by magnetic pigs with different directions of 
magnetization and recording of geometry pig vibrations starting in 
the zone of their end. 

2. The investigation determined that thin, parallel to the surface de-
laminations, which does not occur on the outer surface, has the most 
significant effect on the impact toughness because of the increased 
work on the opening of interlayer boundaries. The change in other 
characteristics is largely due to the heterogeneity of the physical 
characteristics of the pipe steel along the wall thickness. However, 
the presence of defects changes the characteristics of the material in 
a significant range, and does not allow such sections to be forecasted 
with high accuracy in the future.  

3. Although the defect was detected during intelligent pigging, the use 
of MFL pigs is ineffective for detecting laminations, which are par-
allel to the pipe wall and do not occur on the surface. The criterion 
for detecting this defect was the deviation of the geometry of the pipe 
surface. 

4. Detecting and excluding from operation sections with internal de-
laminations parallel to the wall require an integrity dig and direct 
ultrasonic inspection, which are cost-intensive for long-distance 
subsurface gas pipelines. Further studies need to be carried out to 
develop methods for the intelligent pigging of gas pipelines, which 
will significantly increase the effectiveness of diagnostics and reduce 
the cost of the additional integrity dig.  

5. The presence of in-plane defects in pipes leads to a change in the 
mechanical properties of the defective area and affects the adjacent 
defect-free areas. In the considered case, the defective area had a 
slightly increased tensile strength and reduced ductility compared to 
defect-free zones. It was determined that the disadvantage of objects 
with such defects is the inhomogeneity of stress distribution even 
under normal operation conditions. Such deviations, extending to a 
part of one pipe spool, lead to uneven distribution of loads on 
adjacent areas causing a general decrease in the safety margin of the 
object. 
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