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Mines Branch Investigation Report IR 61-149
INVESTIFATION OF PIPFLING FAILURE
by
K. Winterton#*
SUMMARY OF RESULTS

A metallurgical,examination has been made
off the causes of a pipeline failuﬁei The pipe used
was API-BLx~Grade X52, and had a diameter of 30 in.
and a wall thickness of 3/8 in. A circular patch
had.been welded on to the exterior of the pipe to
repair a leak, at a noint corrvesponding to the

Junction of a girth weld and a secam weld.

The immediate causc of railure was the
welded patch which was used to make the repair, and
from which fracture orlginated. This introduced
stress-raising effects because of the change in
geometry.‘ In éddition, the welding techniqué resulted
in:cracking in the heat-affected zone adjacent to

the fillet weld around the patch.

sHewd, Welding Section, Physical Metallurgy Division,
Mines Branch, Department of iines and Technical
surveys, Ottlawa, Cansda.



INTRODUCTION

It was reported that a pipeline explosion followed
by a fire occurred in May 1964. A double detonation was
reported by witnesses, the tirst presumably due to the
sudden escape of gas, and the second to a gas—air ignition.
The line had been in service for about two years, but
shortly before the explosion occurred, a leak had been
discovered by aerial survey and a welded patch repsir had
been made approximately one week before the failure. Near
the location of this patch, catastrophic failure had
originated in the pipe. The working pressure of the gas.
at the time of failure was 920 psi, and the air temperature
af'a nearby station was reported as.55°F. The pipe used
was AP1-5IX=Grade X52, and had a diameter of 30 in. ahd
a wall thickness of 3/8 in.

The damaged section of line was cut out and a new
section, about 120 £t in length, was substituted. Finally,
this new section was in turn replaced with a more satis-
factory pipe installation, prior to hydraulic testing to
about 41070 psi of the 18-mile section between valves. At
this time, a crack occurred about 10 miles from the first
break, several feet in length. After replacement of this
newly-damaged pipe, the 18—&116 section was tested to
approximately 1145 psi and satisfactorily withstood this
test.




This report is concerned. only with the circum-

stances of the original failure of the pum.

Thetbroken pieces of pipe had oeen'taken'to a
nearby compreseof Station."A meeting was neld‘at.this
location in May for ‘the purpose'of a preliminafy:discussion
and to inspect the damaged pripe on site. Among thoee_

present were:

Mr. We. Scotland, Asst. Cnief Engineer, National Energy
Board

Mr. D. Mldwinter, Pipelines bnginccr, National Energy
Board .

Dr. W. Morgan, Head, Ferrous'Metals bection, Physical
Metallurgy Division, Mines Branch, Department
of Mines and Technical: ourveys.

Dr. K. Wlnterton; Head, Welding Section, Physical

Metallurgy Division, Mines Branch, Deparhnent
of Mines and Technical burveys. ) ,

‘Mr. H. Adair, Eng. end Met. Division, Ontario Research
. ' Foundation.

Mr. Atterbury, Battelle Memorial'Institute, and

representatives of the pipeline company concerned.

It was stated that the normal technique for making
the girth welds involved the use of 5/32 in. dia Lincoln
Fleetweld 5 electrodes (h6010) for the root pass, and’

3/46 in. dia Shield Arc 85 (E7010) electrodes for the:
later passes. The same clectrodes had been used for the
fillet weld around the patch, but in addition a "cold"

welding technigue had been used,_u81ng a low amperage and
stringer beads. ‘






It was not difficult to perceive the main coubse
of the fracture. The breek had‘evidently'briginated closo
to a ciréular patch plate of 1/2 in. thickness wﬁich had
been welded over the leaking locetion to effect a repair.
The orack+ hed epread in both directions to & distence of
gbout 30 ft» o thet the total extent was dbout'60-7d £te

_ In one direction, the orack ran only a faw Lfeat
before developing the familiar sine-wave pattern. It ren
for some d;stance in this'wax, Linally spirnllins:around
the pipe, and then terminating. In'tne'oppouite direction,
the orack ran rather straight for about a pipe length, |
and there was little to be seen of the sine-wave mode \
of prdgfoaaion; then, after & sudden turn, the oraok
spiralled around the pipe with a pitch of about 2 Lts It
continued for & considersble distence in thil‘way,.rinallv

running back on itself and tavminmting.

It is well known that brittle eracks oan attﬁin
speeds of around 6000 ft/sea. Oracking can therefore
ocour faster than the ré_:l.eaae of stress due to esoaps of
gns, Howaver, olose spiralling would reduce the axial
component of the cracking speed to e fraction’ of 1ts

normal value. For this reason, it is unusual to see leng

wIn this report, the term "“erack" hes been used to deseribe
the nature of the fallure, despite the fact thet later
examination showed that the frecture had a high pereentage
of shear. This use of the term, though Banctioned bv AUB=
tom, le edmittedly not eutire:y satiafactory.




lengthe of cracking in the spiral mode., Quite frequently,
the ends of a fracture in & pipeline are chsracterized by

spiral progressione.

As in previous instances, in locations where |
theé cradk ‘Bhacountered’ a weld in its path, the outcome
depénded ‘on the anglé of incidence. At low angles, the

crack‘frequeﬁtiy'ran'alongside the weld for a short dis~

-tance befor breaking aweay .again to produce a flat-topped

wave. At somewhat larger angles, a jog often occurred
in the crack a¥ it ‘crossed the weld. When .the crack
encountered the weldaepproximaQelm at right—-angles,. the

weld had =8 negligible.influence on the couree of.cracking.‘

o

 The exact location of’ the origin of fallure was
not immediately cleérxfrom'a-visualfihspeCtion;ffor two
reasons. Firstly, a subsidlary crack occurred near, the ‘
main crack.\ Secondly, the fracture was not‘brlttle enough
except in a. few.locatlone t01show‘the chevron patterns
that would lndlcate\tMexdinectlon of cracklng. Accordingly,
samples of tneﬁpipe,were marked for examlnatlon, taking
sufficient matorial tOlensure that the origin was included.
These, sampleg:iwere wsent ot the Ph?emg&l*Meﬁailurgx_Divieion,

Mines Branch for further exsmination. »






A fair idea of the size of the samples in
Figure 2 is provided by the circular patch, just below

centre, which has a diameter of 12 in.

One large fragment of the pipe, roughly shaped
like a half-disc, originally incorporating samples A and
B, had been almost flattened, and blown clear of the fire

area by the explosion.

Samples C and D had been cut from larger frag-
ments of distorted pipe, sand these had apparently remained
near the heart of the fire which followed the gas
explosion. The metal surfaces were scaled with oxide,

unlike those of Samples A snd B.:

The appfoximately straightﬁborder between
samples B and C on the one hand and D on the other shows
the main path of fracture. On the left-hand side, may be
seen the beginning of the development of the sine~wavé

mode of fracture.

Two separate pipes are involved in these samples
and f'or convenience of reference, that on the left in
Figure 2 will bhe called Pipe I, and that on the right
Pipe II. They are separated by thé girth weld running

vertically, underneath the circular patch.




A subsidlary crack apparehtly had . started from
a8 point @bout 12 in. to the right of the patch, thus pro-
viding a natufal separation betweeﬁ Samples B and Ce This
crack is represented further by the right-hand edge of
'Sample B and the top edge of Sample A. It was rbughly
semi~circular in férm_and intersected the main crack at a
point, not shown in the photograph, about 12 ft to the
left of the patch. Ip’is the conbination of_the sub~
sidlary crack and part of'the main crack that provided
the outline of the half-disc that was blown clear of the

fire ares.,

At the two positions marked by the small arrows,
the fracture shqwed chevron markings tyﬁical of brittle
fracturé in Which éléévage is predominant. 'At'these
positions, 1t isrknown that the maih fracture was proceeding
in opposite directions aWay from the pafch. The or;gin
may be sought beﬁween these two points. Nd unusual damége
or defécts could be seeﬁ in this regilon excépt at the patch

itself, andAit was concluded that the fracture originated
: at some point on the periphery of the patch.

The direction of fracturing could not be
estublished on the subsidiary bfeak; However, there are
two reasons for supposing that the breaek did not originate

along this path. Firstly, there is no evidence of damage
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pateh has retained its original curvature, in contrast to
the flaﬁtened pipe metal surrounding’it. This'emphésizes
in a graphic way the stress field that is introduced at
the periphefy of such . a patcﬁ. The appearance ofAthe
fillet weld around the petch was'consisteﬁt with the
reported "“cold" welding technique,‘théﬁ is.the«stringér
beads had a convex contour. In 6ther respects;'tﬁe fillet

weld appeared externally to be of reasonable qualit&.

On the assﬁmpticn that the main crack 1nitiaﬁéd
on th§ periphery of the patéh, it islclear that the fracture
is forked, & mihor branch following up‘and-aronnd the éir~~
cumferencé of the patch, almost compietely‘separating it
from the original pipe metal. This illustrates the fact
that the fracture has occurred at tbemendous speeds, 80
that the patch was almost cémpletely removed before there
was time for relief of the stresses by escape‘bf gas. It
in alsé worth noting.that at several points there is'a(
tendency for thé_fracture to deviate tangentially from
the circular~ path, but was held to its courseAb& the stress

field introduced by the patch.

Figure L shows a view of the interior surface

of’ the pipe underneath the patch. It was stated that the
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- FRACTURE CHARACTERISTICS

In the samples chosen for examination, this
break was mainly oharaoterized by shear failure, and there
was little evidence. of cleavage. Some cleavage was evi—
dent in the fracture ad jacent to the patch weld, and at -
some other points along the 1ength of the crack.l For most
of the fracture, where shear failureApredominated, micro-~
metef measufements showed that some thinning oflthe pipe
wall had occurred to the extent of about 20 to 30 thou~
sandths of an inch. Evidently the break is by no means
entirely brittle. Under these circumstances it is
reasonable to 1ook for a rather severe defect to originate

failure.

The fraoture showed some interesting peculiarities
in the neighbourhood of the patch. The plane of the
fracture is disrupted by numerous cavities, as shown in

Figure 5,
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Because of the depth of foeus and the use of
the side elevation, the curvature of the patch is lost in
this photograph. The cavities become smaller and finally
disappear. However, at the top edge, adjacent to the

weld, smaller disturbances are present.

Referring to Figure 3, the flat cleavage surfaces
noted above appear first at a point roughly vertically
below the patch centre, and become larger as the fracture

is followed in an anti-clockwise direction.

Figure 7 shows a view of a short length of
cleavage rracture with chevron markings, to the right of

the photograph.

Figure 7 - Cleavage area with chevrons and tapering
cleavage area.

The region of the fracture shown in Figure 7
includes the location marked with an arrow to the right
of the patch in Figure 2. The cleavage area tapers down

to a narrow band on the left-hand side of Figure 7. This
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It may be seen that some decarburization had
occurred at the butting surfaces. Oracking has presumably

extended from a lack of join in the seam-weld.

CHEMICAL ANALYSIS
Samples were taken for snalysis from the metal
of both pipes involved (Sample B, Figure 2), and the

results are shown in Table 41 below.

TABLE 1
Analysis of Pipe Metals

Pipe Carbon Manganese Silicon’ Sulphur Phosphorus

I 0.28  1.45 0,02 0.020 0,019
11 0430 1423 0.03 0.020 0,016

IMPACT TESTING
Pleces were cut from Sample A, Figure 2, from
which sub-stendard (2/3 size) specimens were mechined for
Charpy testing. Longitudinal specimens were used, that
is with the long axis of the specimen parallei to the
rolling direction of the pipe steels The notch was cut
perpendicular to the rolling direction and perpendiculer

to the plate surface. Sample A was selscted for these
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tests because it was known to have been thrown clear of the
fire area, so that the metal was free from the anﬁealing‘
effect to which the bulk of the pipe was‘exposed. The
pipe-metal of Sample A, Figure 2, was flattened, and this
might have the effect cof raising slightly the.temperatureA
for the ductile4britfle transition. Specimens from bothA
pipe metale were tested in triplicate at each of six tem—
peratures, and the results are given in Table 2.

TABLE 2

Results of Charpy Impact Tests on Pipe Metsls

Impact Energy " - Per Cent
. Sample - £t I» = - Crystallinity
Pipe Noa Temp. . Individusl Average Individual Average
1 212°F 4y - o0
o o . L6 L5 _ 0. 0
3 ". ] _146- _ ' 0
L Room 36 . | 20
5 37 36 .20 .20
6 35 ‘ . 20
7 0°F 14 -
I 8 " 16 15 98 98
9 " 14 98
10 -10°" 6 | 99
1 " 7 7 : 99 99
12 " 8 - 99
13 -20%F 6 99
(L "o i 5 99 99
15 " 5 99
16 =4o°p N 100 -
17 noo L 4L 400 . 100
18 4 | 400 .




25

TABLE 2 (Cont'd.)

Impact Energy Per Cent
Sample £t 1b Crystallinity
Pipe No. Temp. Individual Average Individual Average

19 212°p 56 )

20 " 50 55 0 0
21 " 58 0

22 Room 52 10 _

23 " 44 L6 25 18
24 " Ly 20

25 0°F . 20 80

26 " 25 25 80 79

11 27 " 31 78

28 ~20°F W 98
- 29 " 3 10 100 99
30 " 12 98

31 -30°F 17 98

32 " ‘ 6 13 99 98
33 " 15 98

34 ~4O°F 3 100

35 " 3 3 100 100
36 n 3 100

From the results shown in Teble 2, the 15 ft 1b tran-
sition temperature is about OOF for the metal of Pipe I,
and sbout ~40°F for the metel of Pipe II. It may be noted
that the 50% crystallinity transition temperatures would
be a little higher than the above values, as is normally

the case,
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. DISCUSSION |
.It ie'Well to remenber that in high~pressure pipe~
lines, high stresses are-presenf at all times in,the steel, .
and the pipe is operating'under conditions similar to
those of other high;pfessure vessels. For example; the
18-mile length of line was originally tesﬁed at 1030 psi
gae Dressure, representing a hoop streSs in the pipe wall
of sbout 80% of the yleld strength. The working pressure,

920 psi, in use at the time of the explosion corresponds

to a hoop stress of over 70%.of the yield strength.

There is no evidence to suggest that the‘ehoice.
of pipe-line.steels has been made with the objective-of
avoidingAbriftle failﬁre. High strength and econowmy
appear 10 haﬁe been the ruling_requiremenfs. It is unfore
tunately true that over a range of temperatures thet might
he encountered ih practice, these steels ars liable to

‘hehave in a brittle manner. This has been made clear by

tests doﬁe‘by menbers of the staff of the A. O. Smith
Oorporatien.(1’2) In fact, it appears that with X52 steel
pipe it would be necessary to maintain the'temperature at
ebove about 180°F at allvﬁimes in.order to ehsure that -

the seel would always behave in a ductile manhers(1)

An- some criterion of the sensitivity to tem~

‘ peraﬁure of the two pipe steels concerned in this inves-

tigation, it may be recalled that the 415 £t 1b Charpy
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transition temperatures were about 0°F and -10°F for the
steel ffom Pipes I and II respectively. These figures may
be compared with a figure of +u.5OF given as an average
result for 53 pipes tested using similarly-cut specimens.(e)
If enything, the pipe steels in this investigation behaved
a little better thaﬁ might have been expected from the
average impact values obtained in the'previous inves~

tigation.(Q)

It may be noted that the break occurred at a tem—
peratpre (approxinately 55°F) gbove those found for the
15 £t 1b Cherpy transition temperaturés. At the failure
temperature, an impact energy of 30-40 ft 1b would be
expected in these steels with per cént crystallinity
perhaps around é0-30%. This is in-line with the fact that
the break as a whole was by no means completely brittle,

showing a high proportion of shear in the fracture.

This failure may be designated a "brittle failure"
“in the sense that the average hoop stress was less than
the yield strength, and that no macroscopic yielding
occurred, It may be thought academic to discuss the
amount of immediate local ductility associated with the
fracture. The important, practical considerafion is that
catastrophic failure can occur desplte the fact that the
fracture has a high percentage of shear, thus extending
the temperature range in which such failures may be

expected.
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Hiéh~préssﬁfe pipelines provide an example of an
application in which steels liable ﬁo'catastrophié‘failure
are exposed to high stfesseé. To avoid frequent failures,
it is nedeséary therefore to avdidldefects, nbtchés;'
chéhges in séction,'and stress—raisers such as'might
initiate a fracture. Thus the A. O. Smithjworkers(z)
recommend. "increased supervision and insﬁéotion prior to
covering the pipe td prrevent sharp, crack-~like defects'.
The American Standards Association Code(j) has the
following warning (page 36 para 841.24)s= "Gouges, grooves
and'nétches have been found to be a very important cause
-of pipeline failures and ell harmful defects of this
nature must be prevented or eliminated. Precautions shall
be teken during mesnufecture, hauling and installation to

prevent the gouging or grooving of the pipe."

It is in the light of the ebove recommendations
that pipeline operations must be'judged. Using this'
criterion, it must be seid that the repalr procedure
involving the patch plate wés_quite unsatisfactory, and
this was the immediate cause of fallure, since the repair
provided faults and stress-concentration. sufficient to

originate the catastrophic failure.
The use of & welded circular patch to répairfa'
lesk in & pipeliné must be condemned. This system provides

severe stress concentration not only for the longitudinal
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stress but also for the hoop stress. The usé of a patch
(1/2 in. thick) of thickness greater than that of the

pipe wall (3/8 in. thick) would increase the stress~raising
effects Even if no welding cracks had been present, the
presence of the patch alone might well have been suf-
ficient to originate a catastroophic failure. If the
fillet welds around the patch had been ground to a smooth
contour, the stress-raising effect would have been reduced,

though not necessarily to a safe value.

In 1959, an account(“) was given of some tests on
pipe lengths conteining sleeves, patches, etc. As a
result, the author concluded that "hydrostatic tests con~
ducted on chambers proved that fittings constructed to
encircle the pipe completely will cénsistently withstand
higher 1nterna1.pressures theam the reinforced saddle type
fittings". He also recommends(u) that "repale- -~ - - by
welding patches = = - = = should be restricted to the low

and medium carbon grades". TFor steel X52, he recom-

,mends(u) "tittings that complelely encirecle the pipe - -

- =for meking repairs - ~ - —~ or for instelling new con-

‘nections.

In this instance, the welding procedure adopted
for atteching the patch resulted in heat-affected zone

cracks near the toe of the weld, Just at the location



where the siréss has been raised due to the geometrical
effecte This combinatlon may be expected to he extremely

effective for the initiation of fracture.

In recent literature, warnings have appeared ubout
the poasibility'of encountering‘heat-affected zone
cracking'iﬁ‘x52 steel. Two conclusions from work done at

the Battelle Memorial'Institute(5) were as follows:-

"y. The emount of base-metal cracking in welded girth
| Joints increaséd as the éaﬁbon and manganese con-
 tents of’ the pipe approééhed the maximum usually

specified for Grade X52 pipe. Laboratory tests
and field-weld failures in pipes with compositions
approaching:this méximum indicated thai cracking
could oceur to an extent that might éeridusiy
lower the sﬁrength of joints welded by customary

construction methodse.

2. Twelve fie1d~weld failures showed weld~heat—affected—
zone failures which were assoclated with pipe com-

: poaitions of 0.60 carbon equivalent¥ or greatep,"

To overcome the dangav of cracking, these -
authors(5) recommnended the use of preheat combined with
& special welding sequence, or alternatively the uge of

low-hydrogen electrodess .

' ' - 7
#Calculated from CeEe = C% + MﬁJ&
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Another author(u), after an extensive practical
investigation into the likelihood of encountering heat-
affected zone cracking, recommended for grade X52 the.use
of "E7016 low-hydrogen non-vowder electrodes for all welds

which are fused to the wall of the pipe'.

From the chemical analyses made on Pipves I and Ii,
it may be noted that the carbon equivalents are 0.57 and
0.61 respectively, for comparison with the critical
#alue(5) of 0,60 associnted with previous documented fieldw

weld fallures.

With regard to the danger of heatwaffectéd sZone -
crackiﬁg in X52 steel, the piping codes(3’6) appear to he

Cdinsufficiently detailed and somewhat laxe

When welding conneciions, pafches, etc., to the
pipe wall the danger of encountering hest-affected zone
cracking is much greater than in the normal girth welds(u’5).
This arises from the metallurgical effect of the greater
cooling rate on the structure of the heat—-affected zone.
Thus in the present instance, the Cillet weld was msde
around the patch with a total thickness of metal of 14 in.
(1/2 in. + 3/8 ine + 3/8 in.) through which heat could be
conducted from the weld. This may be compared with a total
thickness of 3/ in. of metsl (3/8 in. + 3/8 in.) through
which heat can be conducted from a girth weld. The effect
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of gas flowing in the pipz while welding is in progress

can have an appreciable effect in increasing the rate of

(4,5)

cooling

In the present instance, the patch weld was stated
to heve been made with a "cold" welding technique, using
- a8 low. smperage and Stringer beads. Though the welder may
have been understandably anxious to avoid burning through
the pipe wall, this techniQue increased the rate of_cooiing
and thus facilitated the oécurrenée of heét~affected'20ne
crack;ng. With & more appfopriate Welding technique,
involving the use of preheat or the uéé of low~hydrogen
electfodes, the heat—affected zone cracking could aﬁd

should have been prevented.

For welds adjacent to pipeline stéels, conditions
of high cooling rate should be avoided at all times. Even
if the conditions are not'éuite Sufficiéntly severe to
result in heat-affected zone cracking, consideratioh must
8t111 be given to the hard, brittlé martensitic structures
of the haatéaffected zoneé. These may be éxpected to be
poor in inipact resistance and therefore liable to crack
during handiing or in other cilrcumstances where stress is

applied.

The welding techniques used for the girth welds
were probebly satlisfactory. Apparently the cooling rate

obtained in the normal girth welds was  insufficient to
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produce the martensite that is a prerequisite for hegt-
affecoted zone cracking. There is the exception .that fine

cracks were noted in the high~carbon band of Pipe Il.

Under some circumstances, the high~carbon band
of Pipe II might have given some trouble. However, it is
believed that it contributed little to fracture initiatibn |
in the present cese. The heat-affected zones from the

fillet weld were narrow and did not extend to the. high-

‘carbon band. The high-carbon band may have assisted

slightly the ease of propagation in Pipe II, and the
fracture illustrated in Figure 7 is of interest in this

respect.

It is of interest to note that the defect which
caused the original leak requiring repalr was s shord
lack~of~join in the longitudinal seam at the end of a pipe
length. It appears quite possible that such a defect.
might be covered by the end caps used in expansion and
pressure testing during manufacture. If so, it wodld be
desirable either to test separately the ends of the seams
or to crop off an' adeguate slice from the plpe ends. Since
it is clear that the repair of leaks does offer some
difficulties, it would be desirable to be sure of elimi-

nating all manufacturing defects.
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CONCLUSIONS

1. An average hoop stress of about 36,400 psi, 70% of

2e

the specified yield strength of the steel, would
result from the working pressure (920 psi) of the

gas at the tiﬁe:thé'expiosion occurred..

The steels used for the.tWO pipes nearest the origin
of the falluré showed Charpy 15 £t 1b trensition
témperatures of 0°F and -10°F, only a little better
than the average value of u.5°F'reported for a

number of X52 pipe metals.

%+ Appreciable ductility was associated with the failure

L.

5e

as evidenced by the large proportion of shear in
the fracture. This is in line with the fact that
the fallure temperature, 55°F, was well above the

15 £1 1b transition temperatures of the pipe metalss

The use of a circular patch to effect a pipeline
repalr is to be condemmed because of the stress-

raleing effect caused by the chenge in geometry.

The welding technigue used to make the fillet weld

around the patch was incorrect in thet it resulted

in a hardened, britile heat-~affected zone and in

heat~affected zone crackinge
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6. The immediste cause of failure was the welded patch
which was used to make the welding repair, and from
which fracture originated, because of the combined

influence of the effects noted in conclusions 4 and 5e

A
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