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Abstract—Russian pipelines employ large-diameter pipe of straight-seam, two-seam, and spiral-seam type
(diameter up to 1420 mm, API strength class up to K65). The newest developments in the production of large-
diameter (1020, 1220, and 1420 mm) straight-seam welded pipe (strength classes K38–K65 and X42– X80,
wall thickness up to 52 mm, length up to 18 mm, and working pressure up to 22.15 MPa) is stepwise press
shaping (the JCOE process), proposed by SMS Meer (Germany). The SMS Meer technology is widely used
at Russian pipe plants (AO Vyksunskii Metallurgicheskii Zavod, AO Izhorskii Trubnyi Zavod, PAO Chely-
abinskii Truboprokatnyi Zavod) and also plants in Russia, China, and India. However, the accident statistics
for Russian pipelines show that stress corrosion of the pipe wall mainly occurs in pipelines of large diameter
(700–1420 mm). More than 80% of pipeline failures associated with stress corrosion occur in pipelines of
diameter 1020–1420 mm. Corrosion cracking of pipe walls may be attributed to three main factors: (1) poor
steel quality and pipe defects in manufacturing (such as high residual stress, microcracks and micropeeling of
the metal after shaping of the pipe blank, corrugation, scratches, scabs from the rolling process, and imper-
fections of the weld seams); (2) the presence of a corrosive medium and its access to the metal surface;
(3) multicyclic fatigue and failure of the metal on account of pulsation of the working pressure within the pipe
and hydraulic shocks. In Russian oil pipelines, failures due to production defects and assembly and installa-
tion problems are twice as frequent as in the United States and Europe. Therefore, careful study of pipeline
failure due to production flaws is of great importance. In the present work, a mathematical approach is pro-
posed to determining the critical pressure in the pipe at which elastoplastic failure of the pipe will occur at
rolling scabs accompanied by a scratch on the pipe’s outer surface. The results may be used in failure diag-
nostics of large-and medium-diameter steel pipe for major delivery pipelines and transfer pipelines.
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The manufacture of large-diameter steel pipe for
major pipelines includes numerous mechanical and
thermomechanical processes, such as hot rolling of
high-strength steel slabs and broad strip; controlled
capillary–drop and laminar cooling to increase the
strength and reduce the grain size of the steel; straight-
ening of steel strip and sheet on multiroller machines
to reduce the waviness and buckling of the blank; trim-
ming of the edges of strip and sheet by guillotines and
disk cutters; shaping of the sheet on presses; and cor-
rection of the diameter of the pipe blank on expanders
[1–36].

PIPELINE ACCIDENTS

Between 1999 and 2009, the mean annual inci-
dence of accidents per 1000 km of major Russian pipe-
lines was 0.06. In Western Europe, the corresponding
figure between 1991 and 2006 was 0.32; for North
America, the figure was 0.48.

In Europe, the three factors responsible for most
accidents and leaks are external disturbances (36%),
stress corrosion (29%), and mechanical damage
(24%).

The corresponding factors for Russian pipelines
(according to 2001–2006 data) are external distur-
bances (34.3%), installation and construction prob-
lems (23.2%), stress corrosion (22.5%), smelting and
pipe-production defects (14.1%), and human error
(3%) [18–20].

Annually, out of the 305 million t of petroleum
extracted in Russia, there will be losses of 10–15 mil-
lion t (about 4–5%) from pipelines on account of
stress corrosion (corrosional cracking under stress)
and cyclic pressure differences within the pipe. The
annual losses from direct petroleum losses alone reach
$270 million. The density of stress-corrosion defects
in major pipelines is 14.6 per km. Overall, the rate of
stress corrosion is 0.2–0.5 mm/yr, but it increases in
some regions to 0.8–1.16 mm/yr.
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Between 1991 and 2001, stress corrosion was
responsible for 22.5% of all accidents in Russian gas
pipelines; for 2000, the figure was 37.4%.

In addition, 350000 km of transfer pipelines are in
operation in Russia. Each year, more than 50000 haz-
ardous incidents accompanied by oil spills are noted at
those pipelines, mainly on account of stress corrosion
of the pipe. The wear of the transfer pipelines is as
much as 80%. Their failure frequency is two orders of
magnitude greater than for major pipelines: 1.5–
2.0 per km.

FAILURE OF PIPE WITH SCAB
AND SCRATCH

A scab is a surface defect of steel sheet in the form
of an irregular dark spot produced by the rolling of a
metal fragment welded to the slab on account of a cast-
ing error or adhesion during hot rolling (Fig. 1)
[12, 17].

The scratch is a surface defect in the form of a
channel without projecting edges and with a rounded

or f lat base. It is formed as a result of scratching by the
rolling system or by the motion of a solid over the
sheet.

Suppose that p is the pressure in the pipe; h and D
are the wall thickness and external diameter of the pipe
(h  D); σu is the strength of the pipe; σy is its yield
point; a and b are the longitudinal and transverse
dimensions of the scab; Δ is the depth of the scab in the
pipe wall (Δ< h); a1 and Δ1 are the maximum width
and depth of the scratch due to the scab (Δ1 ≤ Δ); ϕ1 is
the inclination of the scab in the pipe cross section;
and ϕ2 is the inclination of the longitudinal axis of the
scratch to the generatrix of the pipe (Fig. 2).

According to the theory of plastic f low, the defor-
mation of elements of a continuum may be expressed
as the sum of the ideally elastic strain and the incom-
pressible rigid–plastic strain. The elastic strain corre-
sponds to the generalized Hooke’s law, and the plastic
strain to St Venant–Mises theory.

Under the action of the internal pressure, we
observe complex behavior of the pipe wall in the
region of the scab and scratch: azimuthal extension,
radial compression, and stress concentration.

According to St Venant–Mises theory, the outer
wall of the pipe fails when the maximum tangential
stress is half the strength σu.

�

Fig. 1. Hot steel strip between rollers in a mill.

Fig. 2. Pipe with a scab and a scratch.
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In the case of a scab and scratch, the outer wall of

the pipe fails at a critical pressure 

where μ is a dimensionless empirical constant (μ =
const ≥ 1).

Taking account of the scratch depth, we assess the
stress concentration in the pipe wall due to the scab on
the basis of the coefficient

Likewise we assess the stress concentration in the
pipe wall due to the width and depth of the scratch on
the basis of the coefficient

The plastic deformation of the pipe wall begins at
the pressure

The Table 1 presents the critical pressures as a
function of the depth Δ of the scab in the pipe wall
(h > Δ ≥ Δ1) when

FAILURE OF PIPE WITH SCAB
BUT NO SCRATCH

In the case of a scab (but no scratch, D1 = 0), the

outer wall of the pipe fails at a critical pressure 
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The plastic deformation of the pipe wall begins at
the pressure

EXAMPLE OF PIPE FAILURE

In Fig. 3, we show a steel pipe from a transfer pipe-
line with a defect that passes through the entire exte-
rior wall. The working pressure when the accident

occurred was pru = 4.4 MPa (59% of the design pres-
sure of 7.5 MPa). The characteristics of the pipe are as
follows: strength class K60; diameter 720 mm; wall
thickness 11 mm; length 11.59 m; and mass 2.251 t.
The pipe has a three-layer external insulating coating.
The steel sheet for the pipe was produced by controlled
rolling.

The scab and scratch correspond to local thinning
of the pipe wall (dimensions 110 × 50 mm). With loss
of sealing of the pipeline, the scab falls out, to form a
hole passing through the entire wall (dimensions 20 ×
25 mm), as shown in Fig. 4. The lost material has not
been found. The smooth and undulatory surface of the
defect shows that it is formed at a temperature compa-
rable with the melting point of the sheet and is
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Table 1. Dependence of the critical pressure on the depth of
the scab in the pipe wall

Δ, mm 3 4 5 6 7 8 9 10

, MPa
15.24 11.42 9.13 7.61 6.52 5.70 5.07 4.56

, MPa
13.68 10.25 8.20 6.83 5.85 5.12 4.55 4.09

cr
shp
pl
shp

Fig. 3. Scab on the outer surface of a pipe.
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deformed in hot rolling together with the sheet
(Fig. 1).

The chemical composition and properties of the
pipe wall correspond to strength class K60, according
to Technical Specifications TU 1381-012-05757848–
2005.

The pipe metal is metallographically analyzed at
the central laboratory of the pipeline operator. To that
end, three samples are cut from the pipe wall. The
microstructure of the metal is determined by the etch-
ing of sections in 4% ethanolic nitric-acid solution.
The microstructure of the pipe metal in all the sec-
tions consists of ferrite–pearlite grains of size 9–10,

according to State Standard GOST 5630–82. The
bands correspond to a score of 2B according to State
Standard GOST 5640–68.

The first sample is cut at the defect site in the plane
transverse to the rolling direction (Fig. 5). The band-
ing of the pearlite over the sample cross section is non-
uniform. Local distortion of the pearlite banding is
observed at the sample surface adjacent to the defect.
Such structural distortion indicates that the defect was
formed in hot deformation in the course of rolling. In
view of the lack of pronounced bending over the length
of the defective section and also its shape, we conclude
that the defect is deformed in rolling together with the
sheet.

The second sample is cut at the defect site in the
plane parallel to the rolling direction (Fig. 5). Local
distortion of the pearlite banding is observed.

The sample is cut at a distance of 300 mm from the
defect site and is regarded as having the initial struc-
ture. The nonmetallic inclusions (point oxides) corre-
spond to a size score of 2 according to State Standard
GOST 1778–70 (scale A).

CAUSES OF SCABS

In our view, the dimensions and shape of the hole
running through the wall of the ruptured pipe indicate
that the scab and scratch may be formed when a hex-
agonal M12 nut (State Standard GOST 5915–70;
width 19 mm; diagonal 21.94 mm; thickness 10 mm)
or M14 nut (State Standard GOST 5927–70; width
21 mm; diagonal 24.25 mm; thickness 11 mm) falls
onto the surface of the steel sheet in hot rolling
(Fig. 1).

Before it is pressed into the hot sheet, the tempera-
ture of the nut will be considerably lower than that of
the sheet. In rolling, the rollers do not immediately
capture the nut, which consequently creates a scratch
of increasing depth and width on the surface of the
sheet. The maximum width of the scratch is equal to

Fig. 4. Failed pipe: scab on external surface (a) and hole penetrating the wall to the inner surface (b).

(a) (b)

Fig. 5. Samples cut at the defect site, transverse (top) and
parallel (bottom) to the rolling direction of the steel sheet.
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the nut dimension at the instant that it is pressed into
the sheet. The nut is pressed instantaneously into the
surface of the hot sheet, with local increase in the
metal temperature within the sheet wall so as to
approximate the melting point of the metal. Some of
the semiliquid metal is splashed onto the surface of the
sheet. That accounts for the considerable increase in
defect size in the direction of its external surface. Since
the temperature of the elastic nut is still significantly
lower than that of the sheet, the nut is easily pressed
into the sheet over about half of its thickness. Once
pressed into the sheet, the nut is rapidly heated to
approximately the temperature of the sheet. When the
nut and the sheet are rolled as a single mass in the sub-
sequent rollers, the nut thickness is reduced, while its
transverse dimensions are increased; it becomes oval.

ANALYSIS OF THE CRITICAL PRESSURE

The characteristics of the failed pipe are as follows

At failure, the working pressure is pru = 4.4 MPa.
Proceeding on the basis of our prior analysis, we find
that, with the minimum value μ = 1

Note that plastic deformation of the pipe wall

begins somewhat earlier: when  = 4.09 MPa.

The calculation results for the failure of the pipe
with a scab and scratch are consistent with the empir-
ical data for a real pipe.

Note that, in the case of a pipe wall without defects
(D = 720 mm; h = 11 mm; σu = 684 MPa, σy =

614 MPa), plastic deformation begins at an internal
pressure ppl = 2hσy/D = 1876 MPa, while failure

occurs when pcr = 2hσu/D = 20.90 MPa.

Given that the working gas pressure of the pipe at
rupture was 4.4 MPa (4.4/20.9 = 21%), while the
defect was so large as to be visible to the naked eye
(110 × 50 mm), we conclude that ultrasonic monitor-
ing and hydraulic testing of the pipe at the manufac-
turing plant must be improved.

CONCLUSIONS

We have developed means of calculating the critical
internal pressure in a pipe with a scab and scratch on
its outer surface as a function of the defect size and the
strength of the steel pipe.

On that basis, we have analyzed a real incident in
which a defect penetrated clean though the wall of a
working pipeline.

= = σ =
σ = Δ = = =

= ϕ = ° ϕ = ° Δ = 10

u

y 1

1 1 1

720 mm, 11mm, 684 MPa,

614 MPa, 3 mm, 20 mm, 25mm,

20 mm, 10.4 , 34.3 and mm.

D h
a b

a

−=
cr ru

cr

ru
4.56 MPa, .sh

sh
p pp

p

pl

shp

The proposed approach may be used in the failure
diagnostics of steel pipe in large- and medium-diame-
ter gas and oil pipelines [12–36].
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