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ABSTRACT

In the work on the examples of failure of four pipelines, the authors considered and analyzed the causes of failure of circumfer-
ential welded butt joints of main gas and oil pipelines with a long-term service life of 530—-1420 mm diameter from low-alloy
ferritic-perlitic steels of grades 17G1S, 17GS and 15GSTYu, constructed back at the end of the twentieth century. Technical
experts assume that, as a rule, accidents are associated with the failure of circumferential butt welded joints produced in field
conditions. Literature sources give quite limited reliable information about the causes of defect formation that lead to the fail-
ure of field welded joints. The authors show that even having provided satisfactory mechanical properties of steels and at the
absence of deviations in the chemical composition of welded joints, depressurization of pipelines occurred due to weakening
of the weld as a result of defect formation during operation or during construction and assembly works. The defects include
pores, lacks of fusion, lacks of penetration, edge displacement, use of embedded elements, etc. that were not detected by
non-destructive testing methods. The obtained results made it possible to adjust a set of technological recommendations on
the requirements and rules for performing assembly and welding works during the construction and repair of main pipelines in
Ukraine over the last 20 years.
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INTRODUCTION

More than 40 thou km of functioning gas and oil pipe-
lines, the life of which is 30-50 years, are operated on
the territory of Ukraine. The statistic data presented in
the scientific and technical literature, as well as own
experience indicate that accidents occurring on the
main pipelines are often associated with the failure of
circumferential welds of butt joints. As a rule, based
on statistics, the cases of their failure are attributed to
the rejection in construction and assembly works.

The key factors that contribute to the failure of cir-
cumferential welds are the sizes of defects, inappro-
priate properties of pipe steels and welded joints. In
particular, the presence of loads [1] should be noted,
that arise for different causes: through sources of ac-
tive external effect, for example, because of the soil
shift, or loads that occur in the pipeline in the process
of construction and operation, etc.

For example, in many cases, as a cause of arising
critical defects in producing a circumferential weld, slag
inclusions are considered that were not timely detected
and removed [2, 3]. The failure was also facilitated by
the detected crack of 10 mm length in the weld root. But
these authors did not consider the causes of defect for-
mation. In literary sources [4], the share of failures of
the main pipelines associated with the mentioned fac-
tor is estimated in 22-25 %. Moreover, welding defects
are approximately 13—19 %. In [5], the results of fatigue
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studies have shown that in the presence of typical defects
of welding in the circumferential weld, the pipeline ser-
vice life may be more than 30 years. This approach may
be the basis for analyzing the life and assessment of the
reliability of the pipeline. The set of defects revealed by
the method of non-destructive testing does not always
allow finding the cause of their formation [6]. Therefore,
it is important to determine the origin and causes of de-
fect propagation in the welds to prevent their formation.

The aim of the work is to determine the probable
causes for the formation of the most typical defects
both at the stage of assembly as well as after a long-
term operation, which led to failure during operation
of gas and oil pipelines that were built at the end of
the twentieth century.

PROCEDURE OF EXPERIMENTS

The studies were conducted on the samples of field
butt welded joints. The fragments of circumferential
joints of gas and oil pipelines were cut out from the
failured parts of gas and oil pipelines with a diameter
0f 530—1420 mm during their repair. In most cases, by
that time there were the pipes made of typical low-car-
bon low-alloy and microalloy steels of grades 17GS,
17G1S and 15GSTYu. The quality of welded joint
metal was determined by the method of visual-optic
inspection and by the study of the macro- and micro-
sections of welded joints. The sections were prepared
by the standard procedure using pastes of different
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Table 1. Mechanical properties of base metal of investigated pipes

Code Steel grade Pipe sizes, m, features G, MPa G, MPa 5. % KCV™, J/em?
of steel production technology Y ¢ 5
1 17G1S 1020%14x10, normalized 460 568 30 90
2 17GS 720%7.5, hot-rolled 415 541 23 55
3 15GSTYu 1020%10.6, hot-rolled 416 592 27 109

Table 2. Chemical composition of base metal and metal of circumferential welds of investigated samples of welded joints

Zone Mass fraction of elements, %
Steel
of welded
grade joint C Mn Si S P Al Ni Mo Ti Cr
17G1S BM 0.16 1.32 047 0.023 0.016 N/D 0.06 N/D N/D 0.04
w 0.11 0.95 0.29 0.036 0.025 N/D 0.08 0.34 N/D 0.06
17GS BM 0.18 1.09 0.49 0.029 0.023 0.006 0.09 N/D - 0.054
w 0.105 0.83 043 0.023 0.017 N/D 0.04 N/D - 0.05
BM 0.17 1.31 0.67 0.032 0.031 0.044 0.05 <0.03 0.14 0.07
15GSTYu
\\% 0.076 0.92 0.34 0.025 0.012 0.005 0.05 <0.03 0.12 0.06
17GS [8] BM 0.14-020 | 1.0-14 0.4-0.6 <0.0405 <0.035 — <0.3 — — <0.3
17G1S,
< < _ < _ _
TU 143-721 BM 0.15-0.20 | 1.15-1.60 | 0.4-0.6 <0.035 <0.030 <0.3 <0.3
15GSTYu
< < . _ _ -
ChMTU-156 BM 0.12-0.16 | 1.00-1.35 | 0.50-0.85 | <0.035 <0.030 0.025-0.085 0.15-00.20 <0.3

granularity. The mechanical properties of steels were
determined on the machine of ZDM model according
to GOST 6996. The chemical composition of steels
and weld metal was determined by the spectral analy-
sis in the DFS-36 spectrometer.

RESULTS AND THEIR DISCUSSION

The authors considered and analyzed the four cases
of the most characteristic failure of circumferential
butt welded joints of pipelines that occurred during
their operation. In the construction of such pipelines
those grades of electrodes were used, which are rec-
ommended for arc welding of field joints according
to VSN 006. Table 1 shows the mechanical properties
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of the studied pipe samples. The chemical composi-
tion of the base metal and metal of the circumferential
welds is given in Table 2.

FEATURES OF MICROSTRUCTURE
OF CIRCUMFERENTIAL
BUTT WELDED JOINTS

Low-alloy steels in the normalized and hot-rolled
state have a ferritic-perlitic structure with the grain
size number 6, 7 and 8, and with a banded structure —
not more than 2, Figures 1, 2, a.

The microstructure of metal of the studied circum-
ferential welds on low-alloy ferritic-perlitic pipe steels
17G1S, 17GS and 15GSTYu is similar. The micro-
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Figure 1. Metal microstructure of the circumferential welded joints of pipes of 17G1S steel, X200: @ — base metal; » — metal of root
layer; ¢ — metal of facing layer; d — zone of coarse grain of root layer; e — zone of coarse grain of facing layer; f— weld and zone

of coarse grain of filling layer
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Figure 2. Metal microstructure of the circumferential weld of pipes of 15GSTYu steel: @« — base metal; b — facing weld, x200; ¢ —

root weld, X200; d — zone of coarse grain of facing layer, X320

structure of the metal of the root layer and filling layers,
which are subjected to reheating while producing the
subsequent layers, is mainly ferritic-perlitic with more
equiaxial grains of ferrite (Figures 1, b, d, 2, ¢, d). A typi-
cal microstructure of metal of facing layers (Figures 1, 2)
is a mixture of different forms of structural components
of mainly polygonal ferrite, bainite, and smaller indi-
vidual areas of Widmanstaetten and lamellar ferrite and
pearlite. It should be noted that the change in the amount
of impurities of alloy elements in steels and welds af-
fects mainly the ratio of hypoeutectoid ferrite and inter-
mediate decomposition structures that replace pearlite.
Therefore, in the circumferential weld on the 15GSTYu
steel (Figure 2), compared to the weld on the 17GS steel
(Figure 1), the amount of bainite increases, and pearlite
is almost absent, the amount of hypoeutectoid ferrite re-
mains stable. The sample of the structure of the facing
layer of circumferential joints of the pipe of 17GS and
15GSTYu steel is shown in Figure 1, ¢ and Figure 2, c.

ANALYSIS OF CIRCUMFERENTIAL JOINTS
OF GAS AND OIL PIPELINES
WHICH FAILURED DURING OPERATION

To determine the type of defects, the specialists were
guided by the acting pipeline construction and mod-
ern standard documents of SNiP II-42 and VSN 006
[9, 10], according to which, the sizes and admissibil-
ity of defects were evaluated. According to the anal-
ysis of the features of defects, the probable causes of
their formation were determined. In each considered
case, the focus of failure was determined, the quality
(defectness) of welded joints and properties of their
metal were evaluated.

In the first case, the failure of the circumferential
weld of the welded joint of the main gas pipeline, con-
structed approximately in 1987 from spirally-welded
pipes of 17G1S steel, occurred mainly over the area of
fusion of the circumferential weld with the base metal
(Figure 3) at the area of about 3/4 perimeter of length
of this butt. The root and filling layers of the circum-
ferential joint are produced by manual arc welding,
and the facing layer — by submerged arc welding.
On the surface of the fracture, at one of the areas of
failure, a large number of pores with a diameter of not
more than 3 mm and with a depth of not more than
7 mm (Figure 3, a, b) were found. On the transvase
macrosections of the samples from this area, deep
pores (Figure 3, b) are seen, which spread to the metal
of circumferential weld from the zone of its fusion
with the base metal on the outer surface of the pipe.
The pores are combined with a lack of fusion zone
(300 mm long, 8 mm deep) of the filling and facing
layers with the base metal, which led to weakening
of the weld intersection. On the opposite side of the
failure, a part of the unmolten edge is seen. Also, a
displacement of the axis of the outer weld relative to
the root by 3 mm is observed. In the specified area,
lack of fusion of the root weld with the base metal (up
to 3 mm deep) is observed. The total length of this de-
fective area is approximately 350 mm, the depth does
not exceed 7 mm. In other areas of the failure around
the perimeter of the circumferential weld, only sepa-
rate pores with a diameter of not more than 2 mm are
present. The peculiarity of this joint of pipes with a
circumferential weld is reduction in the hardness of
the HAZ metal by 50 HV,,, which is a consequence
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Figure 3. Appearance of fracture (a) and defects (b) in the metal
of the failured weld of the gas pipeline of spirally-welded pipes
with a diameter of 1020 mm of 17GIS steel: a — lack of fusion
of 8 mm depth, pores of 7 mm; b — welds displacement, pores
of 8 mm depth

of metal softening during welding. The width of the
area of the strength decrease is 4-5 mm. The revealed
metal softening in the case of welding of heat-treated
pipes is a typical phenomenon and it did not cause
failure of the investigated welded joint.

In view of the abovementioned, it can be assumed
that the cause of the failure of the field welded joint of
the gas pipeline from the spirally-welded pipes are de-
fects of a circumferential weld formation in the form
of elongated (about 300 mm) lack of fusion of the root
and filling layers with one of the edges of the joint
and pore clusters. These defects were formed during
welding operations in the construction of the gas pipe-
line as a result of displacement of the mentioned lay-
ers relative to the butt of the joint edges and were not
detected by non-destrutive testing.

In the second case, on the main gas pipeline of
15GSTYau steel, the construction of which dates back
to 1970, while performing diagnostic works, gas leak-
age was detected. The working pressure in this gas
pipeline was 4.7 MPa. The gas pipeline is covered with
bitumen-rubber insulation. At the upper part of the
circumferential joint in the weld, a through crack-like

defect was revealed (Figure 4). The circumferential
weld, produced by one-sided manual welding, joined
a spirally-welded pipe with a size of 1020%10.6 mm
of 15GSTYu steel with a 1020x9.5 mm pipe of the
Kh60 steel. The detected defect is located along the
weld at some displacement relative to its center. The
length of the defect is approximately 250 mm. The
edge preparation is insignificant (does not exceed
1 mm). The welded joint at a length of approximate-
ly 170 mm was produced with a significant edge dis-
placement in the radial direction and with a wide gap
of the edges (Figure 4, ¢). The edge displacement
in this area is 6 mm, which is much higher than the
allowable rate (not more than 3 mm). On the outer
surface of the pipes in the defect area near the fusion
line of the circumferential weld, traces of plastic de-
formation of the metal formed during the assembly of
edges of the pipes with the purpose of their alignment
for welding are observed.

At the fracture it is seen that the initial crack pass-
es along the edge of the root layer and begins from
the lack of fusion with one of the edges of the butt
joint (Figure 4, d). The depth of the lack of fusion is
approximately 3 mm. The back formation of the root
layer of the weld is completely absent. The location of
the crack coincides with the area of the metal flow in
the zone of significant edge displacement (Figure 4,
¢). In the defect zone adjacent to the inner surface of
the butt joint, there are pores and their clusters. The
size of individual pores reaches 4 mm.

Taken into account the abovementioned, it can be
stated that the cause of the failure of the circumfer-
ential weld of the specified main gas pipeline was a
poor quality of assembly of edges of the circumfer-
ential welded joint (inadmissible sizes of radial dis-
placement of welding edges and a wide gap), which
led to the appearance of defects of formation (lacks
of fusion, pores) in the root weld in the process of its
welding, and subsequently provoked the occurrence

Figure 4. Defects in the circumferential weld of the pipeline with a diameter of 1020 mm from 15GSTYu steel and Kh60 steel: @ —
crack of ~ 250 mm long in the circumferential weld; 5 — macrosection of the circumferential weld outside the crack; c — macrosection
of the circumferential weld in the crack zone, edge displacement of up to 6 mm, lack of fusion of edges; d — macrosection of the
circumferential weld in the end part of the crack, lack of fusion and crack in the root layer, edge displacement of up to 3 mm
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of a through crack. The formation and propagation of
a crack was facilitated by local stresses, caused by at-
tempts of a forced elimination of the inadmissible ra-
dial edge displacements. The crack surface is signifi-
cantly damaged by corrosion indicating a long-term
operation of a pipe with a defect.

Further, the failure of two circumferential welded
joints of the oil pipeline with a diameter of 720 mm,
built from pipes with a wall thickness of 7.4 mm of the
strength class K54 was considered. In the first circumfer-
ential weld, a through crack-like defect of about 300 mm
in length was revealed (Figure 5). In the crack zone, the
exceeding sizes of the edges at a length of 600 mm were
observed, which reached 7 mm, and a large gap between
the edges of up to 10 mm at a length of 740 mm. In or-
der to reduce the gap, contrary to standard documents, 2
rods with a diameter of 6 mm and a length of up to 150
mm were welded into the edge preparation (Figure 5,
b). In the weld root, the formation of the inner weld is
poor, here inadmissible lacks of penetration and lacks of
fusion of the edges of up to 3 mm deep were found. In
the second circumferential weld, in the fracture of the
failured joint such defects as lacks of fusion and lacks of
penetration on the side of the inner surface of the weld
with a total length of about 100 mm were also detected.
The minimum thickness of the deposited metal in the in-
tersection between the outer surface and the area with
defects (defect-free area) did not exceed 1 mm.

Therefore, the cause of oil leakage in the 3™ inves-
tigated case is the formation of defects in the welds
of the circumferential joints as a result of improper
performance of the welding process with a clear vio-
lation of rules of butt joint assembly, in particular, in
the presence of a significant (up to 7 mm) excess of
the edges and the gap (up to 10 mm) between them, as
well as the use of additional embedded elements to fill
the edge preparation. The occurrence of cracks in the
circumferential welds was facilitated by the presence
of inadmissible lacks of penetration in the weld root
and lacks of fusion in them, caused by a low quality of
assembly of the butt joint. The propagation of cracks
and the formation of a through defect occurred, most
probably, as a result of a variable load during the op-
eration of the oil pipeline.

As for the 4th case, there non-structural embed-
ded elements were detected to fill the excessive gap
in the welded joint of the gas pipeline with a diameter
of 1020 mm, built of the pipes made of coiled hot-
rolled 15GSTYu steel. The detected through defect in
the circumferential weld was oriented almost in the
center of the weld and had a length of about 200 mm
(Figure 6, a). The part of the weld of 700 mm long,
which included also an area with a crack, the edge
displacement of the pipes in a radial direction is pres-

Crack of 300 mm
Remnants of two rods

Figure 5. Circumferential joint of the oil pipeline with a diameter
of 720 mm with a crack in the weld: ¢ — on the side of the outer
surface of the pipe; b — on the inner surface of the pipe

ent (Figure 6, b). The largest edge displacement (up to
5 mm) was recorded in the crack zone. Namely in the
part of the crack, in the zone of the root layer, lacks
of fusions of edges were observed, the depth of which
reached 3.5 mm. On the inner side of the circumferen-
tial joint, there are areas of significant metal leakage
(up to 7 mm in height).

The analysis of the chemical composition of the
root layer metal in the crack zone revealed an exces-
sively high content of vanadium, up to 1.7 % (usually,
the content of vanadium in the welds in a low-alloy
or a microalloy pipe steel does not exceed 0.1 %).
This indicates that while producing the circumferen-
tial weld with a large edge displacement, metal billets
were used to prevent metal leakage in this area, which
led to a significant increase in the content of vanadi-
um in the root layer and the occurrence of a hot crack
in its center (Figure 6, ¢).

Taking into account the abovementioned, the
cause of the failure of the circumferential butt weld-

Root layer |€

Figure 6. Crack in the circumferential welded joint of the pipeline
with a diameter of 1020 mm from 15GSTYu steel: « — general
appearance of the circumferential joint with a crack; b — crack in
the weld, edge displacement in the area with a crack (up to 5 mm);
¢ — anomalous structure of the metal of root and filling layers of
the field joint (vanadium content is ~ 1.7 %), produced by manual
welding in the crack zone
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Figure 7. Defects in the circumferential welded joints of gas and oil pipelines of pipes with the sizes: a — 720x9mm of 17GS steel,
edge displacement, wide gap, lack of filling the root part of the weld; b — 8209 mm of 19G steel, edge displacement, wide gap,
deformed ends of pipes, accumulation of pores; ¢ — wide gap, lack of root layer, lack of fusion of the weld with the base metal; d —
720x7.5 mm of 17GS steel, lack of penetration in the root layer with a depth of 4 mm; e — 720x8mm of 16GB steel, edge displacement,
lack of fusion (4 mm) in the root part of the weld; f— 720x9 mm of 19G steel, gap exceeding the standard, accumulation of pores;
g — different thickness joint of 17G1S steel of 1020%10 and 1020%14 mm, deformed ends of pipes, lack of penetration in the root layer

ed joint of the gas pipeline, built from the pipes with
a diameter of 1020 mm of the 15GSTYu steel, is a
crack formed as a result of using additional foreign
elements, gaps and excesses of edges during welding
of the root layer, which are unacceptable according
to standard documents. This led to a local enrichment
(up to 1.7 %) of the root weld metal with vanadium
and occurrence of a crack of hot origin. Thus, it can be
assumed that during the operation of the gas pipeline,
it gradually propagated in the filling and facing layers
of the circumferential weld before the formation of
a through defect. The formation of a through defect
was largely facilitated by defects in the circumferen-
tial weld and disadvantages of edge assembly, first of
all, excessive one, up to 5 mm, their exceeding and
unacceptable gaps.

Thus, as to the conditions of arising, the revealed
defects that led to the failure of gas and oil pipelines
can be defined as defects of technological origin (i.e.
they formed in the welded joints directly during the
performance of assembly and welding works), to
which, in the first turn, excessive radial edge displace-
ments and the gap between them can be attributed,
which led to the emergence of lacks of penetration,
lacks of fusion, pores, cracks, cavities and other de-
fects, including in the area of the root weld.

ANALYSIS OF CIRCUMFERENTIAL
WELDED JOINTS OF GAS AND OIL
PIPELINES DEFECTS REVEALED
DURING REPAIR

The defects formed due to violation of the techno-
logical process of producing the circumferential weld
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and propagated during operation. Typical defects are
shown in Figure 7.

Most often, it was possible to identify the follow-
ing defects: radial edge displacement (Figure 7, a, b,
e), excessive gap between the edges (Figure 7, a, b, f),
lack of penetration of the root layer (Figure 7, a, ¢, d,
e, f), lacks of fuion of the root or intermediate layers
(Figure 5, e), pores and slag inclusions (Figure 7, b, f),
deformed ends of pipes (Figure 7, g). It should be not-
ed that in most cases the revealed defects were formed
as a result of poor performance of the operation of
assembly of edges (their excessive displacement or
gap) of adjacent pipes in the process of pipeline con-
struction.

Above, it was stated that during the study of the
failured circumferential welded joints of the pipe-
lines, the evaluation of mechanical properties of the
metal of the adjacent pipes and the joint itself, as well
as its structural features was performed. We thorough-
ly assume that in all investigated cases the mechani-
cal characteristics of the pipes and joints metal were
in compliance with the determined standards, and the
level of characteristics or structural features do not
give reason to consider them the causes of the above-
mentioned failures.

CONCLUSIONS

1. It was found out that defects of technological origin
that caused the failure of the studied circumferential
joints, occurred as a result of violation of the require-
ments to edge assembly (excessive radial displace-
ments and gap between them), which led to cracking,
lacks of penetration, lacks of fusion, pores, etc., first
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of all, in the root layer of the circumferential weld.
In some cases, the propagation of failure was also fa-
cilitated by local stresses that occurred during a cold
method of eliminating unacceptable edges displace-
ments during welding of pipes, in particular, while
producing overlapped welds.

2. It was determineed that in any of the investi-
gated cases, the level of mechanical properties or
structural characteristics of the metal of the circum-
ferential welded joints produced using the welding
technologies applied during the construction of gas
and oil pipelines did not become the cause of their
failure.

3. The obtained results made it possible to adjust
a number of technological recommendations on the
requirements and rules of perfoming assembly and
welding works during the construction and repair of
main pipelines in Ukraine over the last 20 years.
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