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Abstract

An uncommon blow out in a 2400 diameter, 7 mm thick API 5L X52 gas pipeline was due to fracture at the longitudinal double sub-
merged arc weld (DSAW). Fatigue cracks were found to have initiated from a large embedded weld defect of lack of fusion, resulting
from severe geometrical mismatch between inner and outer weld passes. Few large pressure cycles had been recorded during the 45 year
service life of the pipeline. Fatigue tests were carried out to characterize propagation of fatigue cracks in weld metal, it was found that a
large Paris exponent made the few large amplitude cycles most contributing to crack propagation. Crack growth path and striation pat-
terns were studied. Fatigue growth was modelled by integrating experimental results and by extrapolating striation spacing in the fracture
surface of the failed pipe. It was found that in the early life of the pipeline many more large pressure cycles than expected had occurred.
Good correspondence between predicted and actual fatigue lives was in this way obtained.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A 2400 diameter, 7 mm thick gas pipeline had a blowout,
the total length of the fracture was 11 m, and was due to
the sudden propagation of a pre-existing longitudinal crack
at the mid plane of the double submerged arc (DSAW)
seam weld. Visual inspection revealed the presence of a
large embedded pre-existing weld defect, propagated by
fatigue. The prompt and effective action of the integrity
team at the pipeline company allowed rescuing and pre-
serving relevant specimens at the initiation site, while repair
procedures were still being planned. This allowed the
researchers to have fracture surfaces that were in very good
conditions, and it was possible to recover good details of
the propagation history in the surfaces. As it will be seen,
this allowed the following failure analysis to obtain notably
precise conclusions. This is normally a rare circumstance,

but this gas company has a well deserved reputation in
integrity aspects.

Fatigue failures of gas pipelines are very infrequent,
since unlike pipelines transporting oil products and other
liquids, large amplitudes of gas pressure variations are usu-
ally infrequent. Experienced gas pipeline integrity experts
were surprised in front of the lack of evidence of a third
party damage, such as gouges and dents, which are the
most common root causes for these types of failures. Lon-
gitudinal magnetic flux (LMF) in line inspections (ILI) had
been carried out recently as part of the pipeline integrity
programme. A reassessment of the pipetally did not reveal
any significant defects in the pipes involved in the failure.
This is not surprising. Due to its shape and position, this
defect is not detectable with the standard ILI tools. Note
that in LMF tools the magnetic flux is longitudinal, so pla-
nar defects in that direction do not provoke detectable dis-
turbances. Even if transversal magnetic flux ILI were used,
the embedded position of the defect, within the disturbance
created by the weld joint itself, makes this type of defect
very hard to find, even it is very large, as is this case. There-
fore, a clear understanding of the mechanisms and proba-
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bilities of recurrence of this type of failure becomes of
importance in assuring the future integrity of the pipeline.

One of the major concerns in maintaining pipeline integ-
rity is third-party mechanical damage caused by outside
forces resulting in defects, so the main focus of the failure
analysis was to identify any possible dent as being part of
the causes of failure. Most of the previous research work
has been concentrated on the complex behavior of a gouge
within a dent, the most typical and also severest form of
mechanical damage in the industry [1,2]. Fatigue tests for line
pipes with a gouge in a dent were carried out by several
authors [3,4]. Using line pipes with a relatively mild artificial
gouge (0–30% of wall thickness) in dent (0–10% of pipe diam-
eter) type defect, Hagiwara et al. [5] suggested an equation
for estimating the fatigue life, Nf, as a function of the hoop
stress amplitude, Dr. Although useful for predictions in a
pipeline with a mild defect, this equation has not been shown
applicable to a pipeline with a more severe defect.

Longitudinal welds generate stress raisers, residual stres-
ses and metallurgical changes. Transverse residual stresses
are about half the yield strength of the base material [6].
Planar o crack – like defects typically associated to DSAW
are due to internal defects (slag inclusions, lacks of fusion,
etc.) in the middle area of the weld [6], or surface defects at
weld toes (undercuts, cracking, etc.). All these defects
decrease the resistance of the weld to circumferential stres-
ses. DSAW line pipes generally have also residual stresses.
For those pipes that are subjected to cold expansion after
seam welding, circumferential stresses are generally less
than 10% yield stress [7]. These are static, so that their
influence in the fatigue strength of the welds is small.

In a previous paper, by the authors [7], fatigue tests were
carried out to characterize initiation and propagation of fati-
gue cracks in the longitudinal electrical resistance (ERW)
seam weld of an oil pipeline. The cracks initiated from small
marks on the outer surface of the tube, in the highly
deformed and hardened central area of the ERW weld. Pre-
dicted fatigue lives were about 20,000 cycles, which justify
fatigue propagation up to failure in weld metal, from initial
2 mm deep defects. Fatigue initiation sites were related to
pre-existing weld defects (hook cracks and stitching).

2. Failure analysis

The failure took place in a 2400 diameter, 7.14 mm nom-
inal thickness pipeline, built with API 5L X52 DSAW seam
welded 12 m long pipes. Fig. 1 shows the initiation site of
the longitudinal fracture that caused the blow out. No cor-
rosion or other defects were observed in the outer and inner
surfaces of the pipe wall. The fracture initiated in the mid
plane of the seam DSAW weld, and during its propagation
the fracture separated gradually from the weld and entered
the base material.

Chemical composition and mechanical properties of
base and weld materials are within allowances for API
5L X52 pipes. Room-temperature Charpy impact tough-
ness values for base and weld materials are above 30 J,

nowadays reference for pipe steels. Weld metal transition
temperature is �5 �C, well below minimum service temper-
ature. Fracture surfaces of Charpy specimens of weld mate-
rial at all temperatures show an inhomogeneous
morphology, due to the propagation within strong colum-
nar grains.

An embedded defect in the mid thickness of the initia-
tion area shows the characteristic morphology of a lack
of fusion in the longitudinal weld, see Fig. 2. This 75 cm
long defect was probably originated by misalignment prob-
lems in the DSAW weld process during manufacturing of
the pipe. X-shaped machining marks on the defect surface
were produced during joint preparation. In the propaga-
tion areas, far from the initiating defect, the cracks are
45� inclined with respect to plate surface, switching orien-
tation at intervals, and with a mid thickness step in some
regions. These characteristics are typical of fast crack
propagation.

Fig. 3(X3) shows the cross section of the seam weld in
section 1 (Fig. 2), where the longitudinal fracture had just
separated from the weld. The fracture path, at the left, is

Fig. 1. Initiation site of the longitudinal fracture that caused the blow out.

Fig. 2. Lack of fusion in the longitudinal weld.
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inclined and stepped. The fracture breaks both pipe wall
surfaces in the stress concentration sites at the weld toes
of both weld beads. Both weld beads (identified by the
columnar grains) are misaligned about 3 mm with respect
to one another, so that overlapping between both weld
beads is very small. More relevant is that both weld beads
are misaligned with respect to the weld groove. The result-
ing lack of fusion defect presents itself as a vertical crack,
slightly curved, at the left of Fig. 3. Maximum weld mis-
alignment is about 7 mm, and occurs in the inner surface
of the pipe wall. This is shown in the upper part of
Fig. 3. The heat affected zone within weld metal indicates
that the outer weld pass was carried out first. The width
of the lack of fusion defect is almost null, its tip radius is
around 0.05 mm. Therefore, this defect can be considered
a planar defect or a crack.

Fig. 4(X3) shows cross section 2, in the initiation area at
the lack of fusion defect (see Fig. 2). Typical strongly
banded ferritic pearlitic base metal and columnar weld
metal microstructures are seen. Also appreciated is how
both weld beads are misaligned. The crack trace is seen
at the left of Fig. 4, it runs through the thickness, mostly
normal to the pipe surface, except near both surfaces of
the pipe wall. The trace of the lack of fusion initial defect
is seen in base metal at mid thickness, all the trace within
weld material is fatigue crack propagation. Note the
absence of steps between the initial defect and its later fati-
gue propagation. Both ends of the crack trace near each of

the surfaces of the pipe wall are inclined, becoming almost
parallel to the pipe surface. This part of the fracture follows
the contour of the interface between the weld (columnar
grains) and the heat affected zone (HAZ) in base metal.

The fracture surface at section 3 (Fig. 2) is seen in
Fig. 5(X7), this is a region of mixed propagation. Four
areas can be seen, separated by more or less longitudinal,
parallel bands. From right to left we see:

(a) propagation from the lack of fusion toward the inner
pipe surface (sector 4);

(b) lack of fusion in mid thickness area (sector 7);
(c) propagation from the lack of fusion toward the outer

pipe surface (sectors 1 and 5–6);
(d) collapse of the ligament when reaching the outer sur-

face of the pipe (sectors 2–3).

Fig. 6 shows approximately the evolution of the crack
from its initial shape as an embedded defect up to blow-
out, when the through crack was about 90 mm long. Events
can be sequenced as:

1. Embedded 750 mm long, 4 mm deep weld defect, region
a in Fig. 6(1–3).

2. Fatigue propagation, region b in Fig. 6(1–3) from the
embedded defect.

3. Perforation of the inner wall, region c1 in Fig. 6(1 and
3).

4. Subsequent fatigue propagation of the surface crack.
5. Perforation of the outer wall, region c2 in Fig. 6(1 and

4).
6. Subsequent fatigue propagation of the through defect,

region d in Fig. 6(1 and 4).
7. Blow-out when the defect reached the critical dimension,

region e in Fig. 6(1 and 4).

The evidence allows to sort in inverse chronological
sense all crack growth stages. Fig. 6(1) is a photographic
composition showing approximately half of the fracture,

Fig. 3. Cross section of the seam weld in section 1.

Fig. 4. Cross section of the seam weld in section 2. Fig. 5. The fracture surface at section 3.

P.G. Fazzini et al. / International Journal of Fatigue 29 (2007) 1115–1124 1117
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where the horizontal scale (longitudinal in the pipe) has
been reduced five times. The initiation area is located in
the right end of the figure. The initial lack of fusion defect
is seen in the mid thickness, fatigue beach marks are seen
immediately above and below this initial defect, in direc-
tion to both surfaces. The dark shade indicates stable prop-
agation for the crack to penetrate the outer surface, and
area of unstable propagation is seen in the lower part of
the figure, that corresponds to the final blowout. Ductile
propagation in base metal is seen to the left end of the
figure.

Fig. 7(X1000) shows an example of the typical surface of
the fatigue crack, striations are found in the whole propa-
gation area. Cyclic circumferencial stresses to grow the
crack come from fluctuations of internal pressure, as dis-
cussed in the following section.

3. Preliminary fracture mechanics analyses

To evaluate event 5, blowout condition, applied values
of Kr and Sr were calculated, according to the definitions
of the failure assessment diagram (FAD) [6]. Kr is the ratio

of applied crack driving force to the material fracture
toughness, in terms of crack tip stress intensity factors. Sr
is the ratio of applied stress to the material yield strength

Fig. 6. Evolution of the crack from its initial shape as an embedded defect up to blow out.

Fig. 7. Typical surface of the fatigue crack.
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or flow stress. Yield strength and UTS are 400 and
600 MPa, Charpy toughness is 40 N m. Barsom Rolfe’s
upper shelf correlations gives an estimation for toughness
of 95 MPa m1/2. Critical crack dimensions are difficult to
estimate, the most representative shape is a through crack
of length 2a. for an internal gas pressure of 6 MPa, the
resulting circumferencial stress is

rc ¼ PD=2t ¼ 250 MPa; ð1Þ
which results in a critical crack length

2ac ¼ 90 mm: ð2Þ
This crack length is 12 times wall thickness, and matches
well with the size of the fatique crack growth area, as de-
fined approximately in Fig. 6(4).

Event 4, when the surface crack became through the
thickness, is governed by plastic collapse of the ligament,
so that fracture mechanics equations are not applicable.
It is worth noting that the final length of the through crack
should have been much smaller than the length of the pre-
vious surface crack, as indicated in Fig. 6(4). It can be
assumed that the time required for perforation of the outer
wall was very short.

Event 3 involves the through the thickness propagation of
the initial defect toward the outer surface, once the inner lig-
ament of the wall had collapsed. In the area of initiation of
the blowout the outer ligament was around 4 mm thick, con-
sidering base metal and weld reinforcement, see for example
cross section of Fig. 4 and sketch of Fig. 8. Failure of this lig-
ament took place initially by fatigue and finally by instanta-
neous collapse. Fatigue propagation surfaces are preceded
and followed by unstable propagation. Near the initiation
of the blowout, the thickness of the fatigue propagation is
2 mm, that is, half of the ligament. In an adjacent area, coin-
cident with Section 2, the whole crack propagation is by fati-
gue, this sector is only about 30 mm long.

Event 2 involves fatigue propagation of the weld defect
through the inner ligament, see Fig. 6(3). In the area of ini-
tiation of the blowout this ligament was originally about
1.5 mm. The evidence shows that the crack propagation

path from the lack of fusion defect was not always in the
thickness direction, as shown schematically in Fig. 8. Diag-
onal propagation in inner and outer ligaments was largely
governed by the microstructural weakest link, this is, the
large grained HAZ. Stresses due to internal pressure in
the nominal thickness are parallel to the pipe surface,
and should cause through the thickness crack propagation.
However, the presence of the weld defect makes hoop stres-
ses to be largely transferred through both weld reinforce-
ments, so that principal stresses act in a diagonal
direction, as sketched in Fig. 8. The smaller is the remain-
ing ligament, the larger is the inclination.

Event 1 involves the simultaneous fatigue propagation
of the initial embedded weld defect toward both wall sur-
faces, see Fig. 6(2). The combination of the great length
(750 mm) and width (4 mm) of the initial weld defect,
and its embedded condition, contributed that the criticality
of the initial of fusion defect was not enough to cause its
failure during pre operational hydrostatic tests, but was
enough to cause its later fatigue propagation in service. A
key factor has been gas pressure fluctuation in the pipeline.

To characterize fatigue crack propagation, linear elastic
fracture mechanics (LEFM) associate the applied ampli-
tude of stress intensity factor (DK) with crack propagation
rates (da/dN) [8]. Fatigue crack growth rates in the so
called region II are represented by the equation due to
Paris et al.: da/dN = CDKm , where DK = Kmax � Kmin,
these referring to the maximum ad minimum values of
the stress intensity factors in any given load cycle [9].

Typical fatigue crack growth behavior in metals shows a
marked increase in growth at high DK values (region III) as
Kmax approaches Kc. Below a certain threshold value DKth

the cracks remain inactive. Generally, the microstructure of
metals has no significant effect on growth rates in region II
but has great effect on the rates in regions I and III. It has
been reported that growth rates and the exponent in Paris’s
equation, m, decreased with increasing KIc [10]. This phe-
nomenon could be understood since the increase of KIc

delays the beginning of the rapid propagation of the fatigue
crack and extends region II to higher DK [11].

Fig. 8. Sketch of the cross section of Fig. 4.

P.G. Fazzini et al. / International Journal of Fatigue 29 (2007) 1115–1124 1119
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The distribution of amplitudes of pressure cycles was
obtained from service spectra obtained in the last five
years, using the well-known Rain Flow method. Results
are shown in Fig. 9. The number of cycles is very low. Note
that the assessed pressure in the failed area is based on
pressures at the beginning and end of the pipe section.
There is a parallel loop, and it is suspected that the estima-
tion method may average pressures in both parallel pipes,
so that local variations of pressure may not be detected
consistently. No pressure records previous to 2000 are
available.

Integration of the Paris equation was used to calculate
the cycles required to grow by fatigue a crack from an ini-
tial depth of 4 mm up to the critical condition, considering
all pressure cycles above 25 MPa. The initial depth corre-
sponds to the average size of the initial lack of fusion
defect. The final depth corresponds approximately to wall
thickness, when the defect became through the thickness
before its immediate propagation.

With typical literature data for ferritic pearlitic steels
(m = 3, C = 10�11 for DK in MPa m1/2 and da/dN in m/
cycle), using the Barlow formula for cylinders with internal
pressure and normal fracture mechanics formulations for
embedded cracks in finite width plates [12,13], the number
of cycles up to failure Dn is related to the amplitude of
internal pressure cycles DP (MPa) by

Dn ¼ 27� 104ðDP Þ�3

This equation was used for each block of pressure cycles, as
shown in Fig. 9. Table 1 summarizes the results by using
the Miner approach to estimate total annual damage and
total estimated fatigue life. With literature material con-
stants, this is more than 500 years, more than 10 times
the real life of the pipeline. This gross overestimation can
be the result of either:

� The extrapolation from the last five years service may
not be representative of the whole service life in the
failed section, it is possible that earlier it its service life
the pipeline was subjected to larger pressure
fluctuations.
� The constants of the Paris equation for the weld mate-

rial can be very different from the estimate based on bib-
liography data.
� A dent produced during lay out of the pipeline or by

third party damage could have raised applied stresses
due to internal pressure above nominal. Loss of round-
ness introduces secondary bending stresses that add to
the membrane stress near the pipe surfaces.

Any dent would have included damage to the pipe coat-
ing. No evidence of scratches or corrosion was detected on
the outer surface of the pipe, so the third possibility was
eventually disregarded. In order to address the second
aspect, experimental fatigue tests were carried out.

4. Experimental fatigue evaluation of weld metal

It can be expected that for a given level of applied cyclic
stresses the weld material would present a smaller initiation
life than the base material. This effect is due to the different
surface conditions. Similarly, it can be expected that crack
propagation results could allow detecting differences in
fatigue crack propagation rates, due to the differences in
microstructure between both materials and to the presence
of small inclusions and other weld metal defects, which
probably increase the average propagation rate.

Fatigue tests were carried out to characterize propaga-
tion of fatigue cracks in seam weld metal from a non failed
sample of the same pipe that failed. The weld reinforce-
ment was eliminated, each three point bending specimen
was machined to a 6.4 mm square section, and a
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Fig. 9. Spectra obtained in the last five years, using rain flow method.

Table 1
Estimates of total fatigue life, extrapolating average annual pressure cycles in last five years

DP (MPa) Events in 12 months Life in years · 1000 Yearly damage thousandth

literat experim literat experim

0.35 50 12600 – 0.01 0.00
1.0 25 540 4320 0.09 0.01
2.0 10 68 75 0.30 0.27
3.0 7.5 20 9.1 0.75 1.65
4.0 0.5 8.4 2.1 0.17 0.68
5.0 0.5 4.4 0.9 0.23 1.17
Total damage, year 1.50 3.78
Life in years 670 264

1120 P.G. Fazzini et al. / International Journal of Fatigue 29 (2007) 1115–1124
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1.2 mm V notch was machined to initiate the crack. Speci-
mens were subjected to cyclic stresses similar to those pro-
duced in service due to internal pressure fluctuations. Three
point bending tests were carried out in 10 Ton servo
hydraulic Instron 8501 fatigue testing machine, at a fre-
quency of 10 Hz. R ratios (minimum to maximum stress)
were 0.3 and 0.4. Once the cracks were well developed,
da/dN and DK measurements were carried out. Fatigue
crack development was monitored by introducing beach
marks in the crack surface, by means of changes of load
amplitude. This methodology allows to obtain crack incre-
ments after a given number of cycles, and to define average
propagation rate along each increment. With crack depth
and applied load amplitude, average values of applied DK
are obtained for each interval [14].

Eight propagation tests were carried out in weld metal,
allowing 16 experimental points in the da/dN vs. DK prop-
agation curve. The program Flap Plus was used to generate
and control load cycles. Fatigue propagation tests are sub-
jected to uncertainties related with the path, and its interre-
lation with material in-homogeneities. Roughness of the
crack surface made it difficult to visualize beach marks,
so a 20· magnifying glass was needed. Estimated experi-
mental errors are 0.5% in load values, and 5% in crack
length. The small dimensions of the specimens made that
DK values above 20 MPa m1/2 cease to be valid according
to linear elastic fracture mechanics. The uncertainties asso-
ciated to da/dN and DK values are estimated around 8%.

Micrographs of the propagation surfaces were taken
after each test, to monitor the evolution of the cracks.
DK values were obtained using standard parametric equa-
tions. Fig. 10 shows the experimental da/dN vs. DK values,
from which the fatigue constants C and m were derived.
The dotted line corresponds to the literature based curve

(m = 3, C = 10�11), symbols are experimental results, and
the solid line is the best fit of these

C ¼ 5:69� 10�14; m ¼ 5:69

for DK in MPa m1/2and da/dN in m/cycle. At low DK prop-
agation rates are below those commonly observed in struc-
tural steels. It is also expected that propagation threshold
DKo is relatively high, due to the characteristic large grain
size of the weld metal. However, at large DK values
(>25 MPa m1/2), propagation rates are larger. Final frac-
ture of specimens did not occur below Kmax = 60
MPa m1/2.

Fig. 11 shows a polished and Nital etched micrograph of
a crack growing in a specimen at a DK of 20 MPa m1/2.
Crack growth shows bifurcations, multiple cracking and
abrupt changes in direction. Propagation surfaces at differ-
ent DK were studied with scanning electron microscopy
(SEM), and related them with the applied DK in the partic-
ular point of the crack front. Fig. 12 (X10,000) shows SEM
details of the fracture surfaces at different levels of applied
DK (a: 16 MPa m1/2, b: 33 MPa m1/2).

The progressive change of the propagation mechanism is
evident. At low levels of DK crack propagation is essentially
ductile, with cyclic increments that generate striations
(Fig. 12a). As DK magnifications, a ductile crack growth
mechanism by micro void coalescence is promoted by a
large quantity of non metallic particles, which can be appre-
ciated in Fig. 12b. Finally, ductile fracture by micro void
coalescence takes place. Fig. 13(X10,000) shows the frac-
ture surface at DK = 26 MPa m1/2, a series striations is indi-
cated, which have an average spacing of 3.33 · 10�4 mm

Fig. 10. Experimental da/dN vs. K values.

Fig. 11. Polished and Nital etched micrograph of a crack growing in a
specimen at a DK of 20 MPa m1/2.

Fig. 12a. Details of the fracture surfaces at 16 MPa m1/2.

P.G. Fazzini et al. / International Journal of Fatigue 29 (2007) 1115–1124 1121
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(0.33 lm). This defines local propagation rate of 3.33 · 10�4

mm/cycle at an applied DK of 26 MPa m1/2. This da/dN–
DK point is included in Fig. 10 as a hollow circle, it notably
falls inside the scatter band of all other experimental points.

Fig. 14(X10,000) shows the morphology of the crack sur-
face at instantaneous failure in weld metal during fatigue
tests. The ductile fracture mechanism by micro void coales-
cence is apparent.

5. Discussion of results

The experimental evidence that each striation corre-
sponds to one fatigue cycle was not predictable a priori.
Ferritic pearlitic steels and their welds usually show prop-
agation mechanism based on the cyclic exhaustion of duc-
tiliy in the material ahead of the crack tip. Some efforts
have been made to characterize the behavior of cracks in
welded steels [15]. These studies examine the effects of tem-
perature, environment and geometry in the growth of fati-
gue cracks in laboratory specimens or in components.
Microstructural effects have also been examined [19]. In
general, larger crack growth rates are observed in cold
worked steels than in quenched and tempered steels. On
the other hand, little information is available on the behav-
ior of fatigue cracks in weld metal and welded joints. High
fatigue resistance in some welds and HAZ has been
explained based on the effects of residual stresses and crack
closure [16,17].

The smallest propagation rates in HAZ of feriı́tic steels
have been attributed to the presence of low carbon, high
hardness bainite in HAZ. In austenitic steels [18] and in
titanium [19], high fatigue resistance in welds has been
attributed to the occurrence of rough fracture surfaces
and a reduced crack tip stress intensity factor of due to tor-
tuous fracture paths. Roughness induced closure contrib-
utes significantly to reduce fatigue growth rate of cracks
in these alloys at low DK.

Faceted crack propagation surfaces at low DK values
and well defined striations at high DK values have been
reported in base metal. On the other hand, weld metal
exhibits a larger slope in the Paris equation, typically
between 4 and 6. This means better fatigue strength at
low DK, but worse at high DK than base metal. This behav-
ior can be related to the presence of zigzags in the fracture
path and to secondary cracks. Zigzags in weld metal would
be the result of their inhomogeneous microstructure, espe-
cially in dendrite limits and between weld passes [20].

Zigzags in weld metal are observed in the fatigue tests of
the failed DSAW gas pipeline (see Fig. 11). These zigzags
can influence the propagation of cracks in two ways.
Firstly, a larger number of cycles are required to grow a
macroscopic crack segment, because zigzags increase the
real microscopic crack path. This produces an apparent
reduction in propagation rates (da/dN) at a given DK.
On the other hand, a zigzag path changes the local crack
geometry, producing a decrease in the local stress intensity
factor at the tip of the crack, and therefore the propagation
rate [21,22].

Integration of the Paris equation and Miner rule were
used again with the experimentally determined fatigue
properties of the DSAW metal, (m = 5.69, C = 10�14, with

Fig. 12b. Details of the fracture surfaces at different 33 MPa m1/2.

Fig. 13. Fracture surface at DK = 26 MPa m1/2, striations with an average
spacing of 3.33 · 10�4 mm (0.33 lm).

Fig. 14. Morphology of the crack surface at instantaneous failure in weld
metal during fatigue tests.

1122 P.G. Fazzini et al. / International Journal of Fatigue 29 (2007) 1115–1124
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DK in MPa m1/2 and da/dN in m/cycle), and a second esti-
mate of the time spent by the fatigue propagation of the
defect that produced the failure was carried out. Table 1
summarizes the results; the new estimation of total fatigue
life is around 250 years, still five times the real life of the
pipeline. It is concluded therefore that the amount of pres-
sure cycles during the service life of the pipeline could be
grossly underestimated. Fig. 7(X1000) shows the morphol-
ogy of the crack surface corresponding to fatigue propaga-
tion in the failed weld. Crack surface is characterized by a
fibrous appearance at low magnifications, at larger magni-
fications parallel striations are well defined (Fig. 7), Stria-
tion spacing varies according to the area. Near the defect
of lack of fusion striation spacing is around 1 lm, while
near the inner surface of the tube wall striation spacing is
around 10 lm.

Although SEM pictures are in different magnifications,
comparison of striation spacing observed in the failure
analysis (Fig. 7) and in the experimental tests (Fig. 12a,
13) allows obtaining some interesting conclusions. In the
first place, the location of the round point in Fig. 10 allows
to conclude that there is a one to one relationship between
striations and fatigue cycles, at least in the range of DK

around 30 MPa m1/2. Striation spacing is in this case
around 0.3 lm. Therefore, striation spacing at the failed
pipeline was between 3 and 30 times larger than those
observed experimentally for an applied DK of
26 MPa m1/2. Considering one striation per cycle and a
slope of 4.59 in the Paris equation (Fig. 10), calculated val-
ues of DK applied during crack propagation previous to
failure are 33 and 55 MPa m1/2, for striation spacings of
1 and 10 lm, respectively.

Note that 55 MPa m1/2 is a very high value of DK, not
that far from KIc (e.g., condition of instantaneous fracture).
Note that the 10 lm striations are located near wall sur-
faces of the failed tube, this is, when the initially embedded
defect was getting through the thickness. The time for this
transition can be very short because growth rates are usu-
ally large. This is why this transition regime is usually
neglected when defining fatigue life. Therefore, we can con-
sider a reference striation spacing of 0.001 mm, this is,
10�6 m, as representative of the subcritical fatigue crack
propagation in the failed pipeline. It is possible therefore
to estimate the total number of pressure cycles that caused
the propagation of the weld defect until the occurrence of
the pipeline blowout. Neglecting the cycles required for
the weld defect to become a real crack, to generate propa-
gation of the order of 2 mm in the original remaining liga-
ments at both sides of the embedded defect, some 2000
cycles of an applied DK of 33 MPa m1/2 are required. These
pressure cycles were distributed along the lifetime of the
gas pipeline. For a 2400 diameter, 7.14 mm thick pipe with
a 4.5 mm deep surface crack, a cyclic pressure of 2.4 MPa
is required to generate a DK of 33 MPa m1/2.

Note in Table 1 that of the 200 annual pressure cycles,
only 40 are above 2 MPa. Therefore, around 50 years
would be required to complete the 2000 cycles required.

This estimate is about five times smaller that previous
fracture mechanics estimates of total fatigue life, which is
based on the available pressure spectra. This new estimate,
on the other hand, compares very well with the 45 years of
service of the failed pipeline. It must be concluded, some 45
years old. It can be concluded that the historical pressure
cycles had been underestimated.

6. Conclusions

The sudden propagation of a fracture at the longitudinal
double submerged arc weld (DSAW) provoked a blowout
in a 45 year old gas pipeline. Oddly enough for gas pipe-
lines, it was found that fatigue cracks had propagated from
a large embedded weld defect of lack of fusion. What
makes this failure particularly interesting is that previous
in line inspections failed to detect any defect. No evidence
of third party damage was found very few large pressure
cycles had been recorded during the last five years of ser-
vice, which were believed to be representative of the entire
service life of the pipeline.

Fortunately, the integrity team at the pipeline company
and a specialized consultancy firm succeeded in obtaining
relevant specimens at the initiation site, which were han-
dled carefully and allowed to obtain precise conclusions
in the failure analysis. Due to large discrepancies between
preliminary fatigue life calculations and what the company
considered that the service history of the pipeline was, fur-
ther investigations were done. Tests were carried out to
characterize propagation of fatigue cracks in weld metal,
at levels of cyclic stresses similar to those produced in ser-
vice. In this way it was found that a large Paris exponent
(m = 5.69) made the few large amplitude cycles most con-
tributing to crack propagation. Bibliography results are
coincident in that weld metal exhibits larger slopes in the
Paris equation than ferritic pearlitic base metal. The larger
fatigue resistance at low DK and smaller resistance at high
DK are related with zigzags in fracture paths and with sec-
ondary cracks. These are the result of the inhomogeneous
microstructure of DSAW welds, especially in the limits
dendrite and between weld passes.

Crack growth path and striation patterns were studied.
It was found that microstructure discontinuities govern
propagation at low DK, but one striation per cycle was pro-
duced at large DK, due to a mostly ductile propagation
mode. Fatigue growth was modelled by integrating experi-
mental results and by extrapolating striation spacing in the
fracture surface of the failed pipe. It was found that in the
early life of the line many more large pressure cycles than
expected had occurred. Good correspondence between pre-
dicted and actual fatigue lives was in this way obtained.
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