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ABSTRACT

. The failure of ships at sea and at dockside during World War IT brought the prob-
lem of brittle fracture into sharp focus. Data from ship {ailures have been well
correlated, and as a result, much has been learned from research stimulated thereby.
No similar correlation on nonship f{ailure data exisls, and this survey was thercfore
undertaken in order to supplement the study of ship failurcs. A total of G4 strue-
tural failures, plus failures in gas trahsmission lines, was studied., These failures
occurred in both riveted and welded structures such as tanks bridges, pressure
vessels, a smoke stack, a penstock, power shovels, us well as gas transmission lines.
It is shown that the history of brittle failure extends back at least to 1879. It is
concluded that: (1) Brittle failure in nonship structures is the same phenomenon
as occurs in ships; (2) hrittle failure occurs in many types of nonship structures;
(3) brittle fractures can cross riveted joints; (4) there is no evidence to show that
the percentage incidence of brittle fallure has cither decreased or increased with
the advent of welding; (5) in conjunction with other factors, thermal stress may be
important; (6) residual stresses are not the prime cause of brittle failure, but such
stresses may, in conjunction with other factors, initiate such failure; (7) the eflcet
of metallurgical variables is important; (8) cold forming promotes susceptibility to
brittle failure, but its role cannot be assessed due to lack of data; (9) in such cases
where data are available, Charpy impact values of plate werc generally low at the
failure temperature; (10) in most cases of nonship brittle failure, the fracture
originated at defects arising from fabrication, A few originated at design defects;
(11) it seems evident in all cases that fracture originated at a geometric discontinu-
ity; (12) no cvidence exists for these failed structures to show the effects of various
welding processes on susceptibility to brittle failure; (13) excepl in the case of ex-
ceptionally poor welds, there is no tendency for fracture to follow welded seams;
(14) the great majority of nonship brittle failures apparently occur under conditions
of entirely static loading; (15) age of structure seems to have no bearing on brittle
failure; (16) most engineering codes permit the use of steel which is known to be
particularly susceptible to brittle failure. At the same time, under all codes but
one, the stress levels are held Lo quite conservative values; (17) finally, it is demon-
strated that brittle failure results from a combination of many factors. There is
no readily available material which would entirely prevent, its oceurrence, and there
is no known test which will surely prediet from the hehavior of small specimens the
performance of a given steel in circumstances where structural brittle failure might
oceur, ln short, careful design, selection of materials, and good workmanship are
of the greatest importance in the prevention of brittle failure in nouship structures.
This is also true of ships.
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A Critical Survey of Brittle Failure in Carbon
Plate Steel Structures Other Than Ships

by M. E. Shank

INTRODUCTION

NY critical survey of brittle failures of carbon steel
plate, nonship structures must necessarily be ori-
ented by reference to the problem of brittle failures
of ships. The ship failure problem was brought

into sharp focus during World War II with the
breaking up at sea and at dockside of welded merchant
vessels, especially Liberty ships and T-2 tankers.
Data relating to ship failures have been well correlated
and much rescarch on the brittle failure problem has
been undertaken. As a result, much light has been
shed on problems relating to the brittle failure of steel.
No similar central repository of information relating
to failures exists in the case of nonship structures. This
survey was therefore undertaken to gather and corre-
late such data, in order to supplement the study of the
ship failure problem.

In particular, such a nonship survey reveals how wide-
spread is the brittle failure problem in nonship indus-
tries, how long the problem has existed, and to what
extent the problem is being met and solved. It is
hoped, moreover, that the publication of such a survey
will help to categorize and set forth the circumstances
in which brittle failures arc likely to oceur.

It might be well, therefore, to bricAly summarize the
manifestations of brittle fracture in carbon steel plate.
Three conditions can combine 1o bring ahout such fail-
ures. They are fivst, low temperature, such as exists
in the ambient atmosphere.  Second is the presence of
a notch (introducing trisxial stress). Any defect, such
as a welding crack, or void, or a crack left by a punching
or shearing operation, can serve as a notch which will
initiate brittle failure. Thus brittle failure is sometimes
called “notch brittleness.” The third factor is high
strain rate or impact loading. This third factor, how-

A report to the Commitiee on Ship Structural Design, National Academy
of Sciences-National Research Couneil, prepared under the terms of Burean
of Bhips, Department of the Nuvy Contract NObs-50148, BuSlips Project
NB-731-034, The Commitiee on Bhip Btructural Desizn 1s advisory to the
Ship Strueture Committee, which supported this project as part of its re-
search progranmi. The opinions expressed in this survey do not necessarily
represent the views of the Ship Structure Commiltes nor of its member
Areneies.

M. E. Shank is Assistant Professor of Meechanical Engineering, Massachu-
setts Institute of Technology, Cambridge 39, Mauss.
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ever, isnot necegsary for the initiation of brittle failure.
As will be later shown, many briltle failures have been
initiated under what appear to be completely static
conditions.

When brittle failure occurs it may be recognized by
several carmarks.  Among these are the specd at which
fracture oceurs (approaching several thousand [cet per
second), almost complete lack of ductility, negligible
encrgy absorption, and a brittle or faceted appearance of
the fractured surface. Moreover, the fractured surface
often has a charuacteristic “chevron’ or “herringbone”
appearance, the apices of the herringbones pointing
to the origin of the fracture. Figures 34 and 35 present
an excellent, il exireme example of the physical appear-
ance of such a [racture. Finally when steel plate, taken
from a structure which failed in a completely brittle
manner, is tested in an ordinary tension test, it mani-
fests a high degree of ductility and strength. As will
be seen,' it was this last characteristic that was so
baffling to the engineers who first encountered the phe-
nomenon.

In 1856, the Bessemcer process of steclmaking was
announced to the world, and shortly thereafter stecl
became available in comparatively large quantities.
A few years later (1861) the open-hearth process he-
came available. Prior to this time stcel was made by
the cementation or carburizing of wrought iron (blister
bar). Tt was scarce and expensive, therefore limited to
such uses as cutlerv and springs.  Wrought iron, which
because of its slag inclusions is an extremely tough ma-
terial, was used for structural purposes. By 1860 how-
ever, Bessemer steel was available in such quantity
that it was used for boiler plate, and in 1863-64 two
steel vessels of 377 tons and 1283 tous were built of
steel plate. In Great Britain, as Jate as 1877, Board of
Trade Regulations prohibited the use of steel in con-
struction, and removal of these regulations in that year
provided a great stimulus to the steel industry in that
country.  Thus during the period of 1860 to 1890,
both in BEurope aud the United States, wrought Iron
was gradually being supplanted as a structural metal
by steel. A general reluctance on the part of engincers
to discard a reliable material Jike wrought iron caused
the change to come about slowly. In the long run, the
cheapness, greater availability, and superior strength of
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steel won out. As more steel came into use, troubles
with brittle failure began to appear.

In the Journal of the British Iron and Steel Institute
for 1879 appears a paper, presented at a meeting that
year, by Nathaniel Barnaby on “The Use of Steel in
Naval Construction.” Mr. Barnaby deplores ‘‘Recent
cases have occurred of fracture in Bessemer bars . . . from
some trifling blow or strain . . . they nearly all took place
during the late severe weather at Chatham.” In the
cnsuing discussion of this paper Mr. Barnaby was
roundly denounced by the assemblage. However, in
the same discussion, one Mr. Kirk complains of the
¢racking of steel in a mysterious manner. In particular,
he cites a steel plate that “when cold, on being thrown
down, split right up. Pieces cut from each side of the
aplit stood all the Admiralty tests. Now given a ma-
terial capable of standing without breaking an exten-
sion of 20 percent he wanted to know . . . how a plate . ..
could split with a very slight extension . . . not to the
extent of 1 percent.”” Mr. Kirk thereupon asked the
steelmakers for a remedy to this problem, and if a
remedy was not available, at least a rational explana-
tion. His question was totally ignored by the mem-
bers present. Today the problem is yet with us, and
modern engineers and metallurgists are still striving to
satisfy Mr. Kirk’s request.

Before examining in detail the history of nonship
brittle failures, it is well to glance for a moment at
the statistics™ of brittle failures of welded ships over
350 {t long. Very few failures have oceurred in smaller
vessels. In the period of 1942-52 about 250 welded
ships suffered one or more brittle fractures of such se-
verity that the vessels were lost or in a dangerous condi-
tion. Nineteen of these 250 ships broke completely
in two, or were abandoned after their backs were bro-
ken. Eleven of these 19 were tankers, 7 were Liberty
ships. In the same 10-yr period, 1200 welded ships
suffered brittle cracks generally less than 10 ft in length.
These cracks did not endanger the ships, but were po-
tentially dangerous.

Riveted ships, however, are not immune to brittle
fracture.”™ Since 1900 over a dozen riveted merchant
vessels have broken in two in heavy weather or are
listed as missing. It is significant that most of these
were of the tanker type, the same category which gives
the most trouble in welded structures. Such famous
liners as the Leviathan and the Majestic experienced
cracks in their upper strength decks. These cracks
usually started in square openings and sometimes ex-
tended to the shell. Some breaks even extended down
the shell. In at least one case a loud report accompa-
nied the formation of a erack, indicating brittle fracture.
The Furopa had similar eracks. Moreover, frequent
mention in the technical literature of cracks in numer-
ous riveted vessels indicates the prevalence of minor
fallures of this type.

Returning to the subject at hand, the brittle failure
of carbon stecl plate, nonship structures, it is well to
say a word concerning the scope of this survey. The

{erm “carbon steel plate” implics a- consideration of
plate structures fabricated of plain carbon steel plate.
In actuality, one structure made of rolled shapes was
considered because of the light it shed upon the failure
of a similar structure made of plate. For the same rea-
son, two structures of low-alloy steel were considered.
Failures that occurred entirely in welds have not been
considered unless brittle fracture of the parent plate
ensued as a result.

This report was commenced by a survey of trade
publications and technical literature, to secure accournts
of failures on record. The number of failures thus
revealed was surprisingly small, 39 altogether. Simul-
taneously, numerous letters were sent to various indus-
tries, technical organizations and government agencies
asking for data. Data on another 19 failures (plus
probable gas line failures) were received from these
sources. Thus 58 failures (in addition to failures on gas
lines) are here presented. This figure does not count
repeated partial failures of single structures. They
show that the problem of brittle fracture is present in
practically all segments of industry that deal with plate
structures. It is a foregone conclusion that many
more failures have occurred in the past than are here
reported. These, for various reasons, will never come
to light. Many failures, when they occurred, were
probably attributed to other causes, such as fatigue or,
as will later be shown, “bad steel.” Moreover, most
industries in the past were not anxious to reveal acci-
dents of this type, lest adverse publicity be incurred.
As a result, unless personal injury or property damage
resulted, failure histories were not revealed and the
nature of the fracture was not often understood.

At the present time the situation is somewhat dif-
ferent. Engineers have recognized the progress made
in the problem of brittle fracture by the cooperative
effort of those industries and agencies working on ship
failures. As a result of investigation and research spon-
sored almogt entirely by government agencies, industry
in general has a great fund of information on which to
draw in preventing brittle failure in service. In conse-
quence, the response to inquiries for this survey was for
the most part wholeheartedly cooperative. It is to
be regretted, however, that two of the largest industries
in the United Statcs have chosen not to contribute in-
formation. It might be added that brittle fracture-
wise, these particular industries are in more dire straits
than any other, and are eager to secure from past ship
vesearch all information that might possibly be useful to
them.

HISTORIES OF BRITTLE FAILURES—THE
ERA OF PREWELDED CONSTRUCTION

Significant brittle failures of steel plate structures in
the prewelded period provide a useful background to
present day failures. These old failures furnish a per-
spective and demonstrate conclusively that brittle
fracture difficulties did not begin with the advent of
welded construetion.



I. Water Standpipe, Gravesend, Long Island,
N. Y., Oct. 7, 1886*

The failure of this riveted water standpipe is appar-
ently the earliest case of brittle fracture of a structure
on record. The standpipe was of a very ambitious
design for its day, being 250 ft high. It had a diameter
of 16 ft to a height of 59 ft, decreasing conically in a
length of 25 ft to an 8-ft diam which was retained to the
top. The whole was steadied by guy wires. Two
plate sizes, 5 by 7 it and 5 by 9 ft were employed, with
thicknesses varying from 1 in. at the bottom to 1/, in.
at the top. All joints were triple riveted. Failure oe-
curred in the hydrostatic acceptance test. Water had
been pumped to a height of 227 ft when there was a
sharp rendering sound. A vertical crack appeared in
the bottom, running up about 20 ft. The whole tower
then collapsed. The account! states: “Some plates
are bent almost double, and others are actually rolled
up, showing a very tough metal. . . . The utter de-
struction of the lower parts of the tower and the appear-
ance of the fallen tower, which is broken in two just
above the cone and presents an almost clean square
cut just below this cone, can be likened to nothing bet-
ter in effect than the sudden smashing of the lower part
of a high glass cylinder and the vertical drop and then
fall of the upper part. The guys on this tower very
possibly had some effect in maintaining the structure in
a vertical position for a moment of time.... In sum-
ming up on the general evidence, we should say that the
plates were amply thick enough to stand the stress put
upon them, even were they a good wrought iron; the
workmanship seems to have been generally good, though
some of the riveting was not quite up to the standard:
the general design was an awkward one and we should
not approve of it. But we should say that the main
cause of failure lay in the presence of defective steel
plates in the lower part of the tower. These plates
certainly varied very much in quality, and the wreck
shows plates which could not possibly have stood any
considerable test for tensile stress. Only a brittle ma-
terial could have brought the utter destruction there
exhibited and it would seem as if this brittle material
had unfortunately been concentrated in the portion of
the tower exposed to the greatest strain.”

The present-day engineer immediately notes that
some of the plates were very ductile, others appeared
not to be ductile, and that the reporter on the scene
believed that many brittle (and thus defective) plates
had been concentrated at the bottom of the structure.
This fallacy will be seen to be repeated in subsequent
early reports of brittle fracture.

2. Gasholder, Brooklyn, N, Y., Dec. 23, 18982

The retaining or sealing tank of this structure failed
on its hydrostatic acceptance test. The tank was 178 ft
in diameter and 42 ft high, of which height all but 17 ft
was underground. The riveted plates varied from
1/ in. thick at the bottom to 7/1 in. at the top. The
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design and structure were quite normal for the day. In
the resulting failure, fracture went through the body
of the plates. There was no tendency to follow the
rivet line. To quote an eye witness: ““. . .the frac-
ture in some cases taking a curved form similar to that
seen in the fracture of a pane of glass. ... An examina-
tion of these fractures shows metal of a rather coarse
crystalline structure at the center of the plate, shading
off into a very fine grain at the surface, with here and
there splinter edges much like a broken case-hardened
material.”? The witness urged a searching investiga-
tion into specifications for the plates, their chemical
composition, and behavior under test (i.e., tensile
test).

3. Water Standpipe, Sanford, Me., 3 4.M., Nov.
17, 19045

This was a riveted steel tank, 40 ft in diameter, 80 ft
high. The plate thickness varied from 5/ in. on the
lower course to /s in. at the top. The tank had been
standing 7 yr when it broke, and was nearly full at the
time. The plates tore through the rivet holes, and it
was noted that many small cracks radiated from these
holes. The report states: .. .enough clean fractures
were found to indicate that the steel was hard and brit-
tle, showing a crystalline structure. Apparently no
rivets were sheared; many plates were torn through
the rivet holes. ... A number of rivet holes were found
where there were one or more cracks radiating from the
hole. . . . It seems probable that the rupture started
in a crack radiating from a rivet hole; and that these
radiating cracks may have been caused in the brittle
steel . . . due to cutting out the rivet [holes]. It is not
evident, however, why failure did not take place im-
mediately upon the initial application of full pressure.”’®
One paragraph of the account describes in excellent
detail what is now called the “shear lip.”

4. Molasses Tank, Boston, Mass., 12 Noon, Jan.
15, 19194

The Boston Molasses Tank excited great interest at
the time of its collapse, since much damage was done to
both persons and property. The tank was erected in
1915-16 on the Boston waterfront, and was used to
store molasses. 1t was 90 ft in diameter, 50 ft high,
with lap-jointed plates '/, and $/s in. in thickness, held
by three rows of rivets. At the time of failure it held
2,300,000 gal of molasses, a height of 48 ft 10 in, The
failure was a real catastrophe. Twelve persons were
drowned in molasses or died of injuries, 40 others were
injured and many horses were drowned. THouses were
damaged, and a portion of the Boston Elevated Railway
structure was knocked over. An extensive lawsuit
followed, in which the greatest experts of the day were
called to testify. Their testimony sheds a great deal of
light, both on the facts of the case as they saw them, and
on the general state of knowledge of brittle fracture at
that time.



Calculations™ % showed that, at the base of the tank
when full, stress in the thicker plates was 26,400 psi,
and in the thinner plates 36,000 psi. Thus allowing
for a rivet joint efficiency of 669, stresses in the joint
were 40,000 to 50,000 psi»® The rivet stresses ex-
ceeded by about two times the allowable limits of the
building laws.

The witnesses for the defense contended’ that the
tank had been destroyed by a bomb planted by labor
agitators. KElaborate tests, with bomhs submerged
in molasses, were run to demonstrate this. Prof. G. E.
Russell of MIT, and others testified that the tank was
structurally sound, that it did not rupture at its weak-
est point, that tests showed the material to have a ten-
sile strength of 55,000-56,000 psi, and that all plate
breaks in the tank failure were sharp and not ductile.
They conceded that the factor of safety (1.6) was low.
Prof. G. F. Swain, of Harvard, testified that the wreek-
age could not have been propelled to its final location
without an explosion. Fatigue was eliminated as a
cause. No less a person than Albert Sauveur testified
that the Neumann bands (crystallographic twinning)
found in the microstructure were usually associated
with an explosion of disruptive force.

Witnesses for the plaintiff contended® that the tank
was weak, particularly in the region of a cleanout man-
hole. Several breaks had occurred around the man-
hole. G. G. Lutts of the Boston Navy Yard metallurey
laboratory produced notch-plate fractures, obtained in
Jaboratory tests, showing short, sharp, herringboned
fractures, similar to those found on the tank. Mr.
Lutts and Prof. R. 8. Williams, of MIT tcstified that
Neumann bands would appear in the tank fractures due
solely to the action of molasses.* Others testified that
the tank design was unsound, that punching of rivet
holes had started short cracks and that the tank was
stressed beyond the elastic limit in many places.

Fially in 1925, after years of testimony, the court-
appointed auditor, Col. H. W. Ogden, handed down a
decision® that the tank failed by overstress, not by ex-
plosion. The auditor’s summary is worth reproducing
here, since it fairly well sumamarizes the knowledge (or
lack of it), then current among practicing engineers,
concerning notch brittle behavior. . . The defend-
ant’s experts called attention to the presence of Neu-
mann bands in steel of the character herein considered
which had been fractured was a proof that the steel in
question had becen very suddenly fractured and that

# This author recently talked with Mr, Lutts and Prof. Williams concern-
ing the Boslon molasses tank [ailure. Mr. Lutts recollected that Water-
town Arsenal was, during this period, ¢cngeged in an impact testing program,
and that it was hiy opinion thail engineers of this period were acquainted
with noteh brittleness to some degree at least. The chevron or herringbone
markings found on the fank plates were, in his opinion, an entirely new
thing. He recalled that in the fractured plates sbove the tank manhole,
the herringbones pointed down, and in the fractured plates below the man-
hole, the herringhones pointed up. The significance of these markings was
not clear until Mr. Lutts duplicated them in the laboratory. He did this
on plate from the tank, by drilling a hole in the center, and cutting s hori-
zontal slot from cither side of this hole into the plate, When pulled in the
testing machine chevron markings, pointing toward the hole, appeared in
the fracture. He also broke somc of the tank plates in an impact testing
machine, producing Neumann bands in the microstructure.

Prof. Williams recollected thatl noteh brittleness, as we know it today,
was not generally understood by engineers and metallurgists in that period.

Mr. TLutts’ independent discovery of the meaning of chevron markings is
of the earliest on record, and apparently the first understanding of the phe-
nomenon in actnal service. In 1914, however, Ch. de Fremenville, in ]ab-
oratory testing of numerous materials noted chevron markings, and the faet
that the apices pointed to the fracture origin.

such bands would not appear if such fracture had been
caused alone by statie pressure produced by the load of
molasses. . .. In the present state of science, however,
I find that the conflicting authority in regard to where
they oceur and why they oceur is too fundamental to
give their presence any weight in marshalling the proofs
in this case. . .. Weeks and months were devoted to
evidence of stress and strain, of the strength of mate-
rials, of the force of high explosives, of the bursting power
of gas and of similar technical problems. . . . I have
listened to a demonstration that piece A could have been
carried into the playground only by the force of a high
explosive. [ have thereafter heard an equally forcible
demonstration that the same results could be and in
this case were produced by the pressure caused by the
weight of the molasses alone. I have heard that the
presence of Neumann bands in the steel herein consid-
ered along the line of fracture proved an explosion. I
have heard that Neumann bands proved nothing. I
have listened to men upon the faith of whose judgment
any capitalist might well rely in the expenditure of
millions in structural steel, swear that the secondary
stresses in a structure of this kind were negligible and
I have heard from equally authoritative sources that
these same secondary stresses were undoubtedly the
cause of the accident. Amid this swirl of polemical
sclentific waters it is not strange that the auditor has
at times felt that the only rock to which he could
safely cling was the obvious fact that at least one-half
of the scientists must be wrong. By degrees, however,
what scems to be the points in the case have
emerged. . .."”

5. Crude 0il Storage Tank, Ponca City, Okla.,
6 AM., Dec. 19, 192510

This tank was 117 {t in diameter, 41 ft 10 in. high,
filled with crude oil. The shell was riveted, consisting
of seven courses of plates varying in thickness from 1 in.
at the bottom to 1/, in. at the top. The roof was held
on framing. The bottom course was welded to an angle
iron base ring.

The temperature had been 60° F the day before the
failure, and had suddenly droppedto —4°F. At 6 A M.
one or two light, mufiled sounds were heard, and fire
broke out. Later examination showed that the second
course had been torn from the first. The sheets from
the second course to the roof were torn along an irregu-
lar line.

The investigators eliminated explosion or lightning as
a cause, and decided that no defective welding or rivet-
ing was involved. The oil company personnel rightly
surmised that the sharp temperature drop was respon-
sible. There was, however, no thought given to brittle
fracture as such.

6. Eight Crude 0il Storage Tanks, South and
Middlewest, U. S., Early 1930°s"

The data for these failures were recently gathered
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from old industrial records. As a consequence, it is Tank No. 1 was riveted, of 55,000 bbl capacity. The

not complete in all details, but is nevertheless very val- dimensions are not available. It is believed that it was

uable. A total of eight tanks, with failures of varying a secondhand tank when it was erected in 1917. It had

severity, were involved, a history of five failures (see Fig. 1) as follows:
NoTe:
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1. January 1918: A split occurred in the lower ring
of the tank with the result that Jeaking oil overflowed
the fire walls, The temperature at the time of the
break was below zero. The tank was repaired with a
patch and replaced in service,

2. November 1924: This failure was a crack in the
lower plate just under the manhole entrance. Very
little oil was lost. There is no record of the tempera-
ture when the break oceurred. The cracked plate was
patched with a 10- by 20-in. plate at the time, and in
1926 the cracked plate was replaced with a new one.
Also in 1926, a new roof and a new hottom were in-
stalled, the new bottom being laid on top of the old one.

3. Jan. 25, 1929: The failure evidently was a
cracked plate in the lower tank course. The records
indicate the temperature was 15° below zero at the time,
Repair was made by patching.

4. Dee. 19, 1929: This was a vertical split in the
lower ring. The temperature at the time was —2° F.
In repairing the tank the entire lower course was re-
placed with new steel, and a concrete base possibly 18
in. wide and 3 ft deep was run under portions of the
tank perimeter.

5. Feb. 8, 1933: This was a vertical split in the
lower course. At the time of failure there was a 14-ft
oil level in the tank and the temperature was —10° F.
The crack was 50 big that barrel staves were driven into
it to reduce the flow of crude oil. Subsequent inspec-
tion of the interior revealed that the new bottom sheets
had been carried over the bottom leg of the angle and
welded to the fillet of the angle, after which sn apron
covering the angle was welded to the bottom and side
plates. Wken the apron was removed it was found
that the bottom angle, 3 by 3 by /s in. in size, had been
patched by welding in 12 different places and 22 serious
cracks in the vertical leg still existed.

Tank No. 2, riveted, was also of 55,000 bbl capacity,
and had been erected in 1917, Tt failed at 9:50 P.M,,
Feb, 7, 1933, at a temperature of —4° F. A vertical
split oceurred extending from the caulking edge at the
top of the bottom sheet to the bottom of this sheet.
Af both the top and the bottom the break ran between
rivet holes. The break did not extend into the second
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sheet. Some 3 years prior to the failure a new bottom
angle was installed just below the rivets joining the
angle iron to the tank shell. At this time also the sec-
tions of bottom angle iron were all butt welded, and a
second set of angle shoes was installed over the old
shoes on top of the new bottom. (See Fig. 2). There
was no concrete ring foundation. When the tank
failed, the vertical legs in both of these shoes split di-
rectly in line with the split in the bottom sheet. The
butt weld in the bottom angle iron was broken at this
point, allowing the two sections of angle iron to spread
apart. The tank bottom, where welded to the angle
iron, was pulled loose for a distance of about 6 in. on
both sides of the sphit. It was thought probable, though
by no means certain, that the butt weld in the angle
iron was the first to fail and thereby delivered to the
shell the impact which split it.

Tanks Nos. 3 and 4. These were erceted in 1923,
and were both 171 ft in diameter and 42 ft high. The
bottoms were !/;-in. plate, the lower course plate was
/s in. thick. There were 7 courses of plates, with 20
sheets per course. The vertical joints were quadruple
riveted butt joints, with 1/x-in. thick butt straps inside
to include all four rows of rivets. The outside butt
straps included only two rows of rivets, one row on
cither side of the joint. The rivet holes were /44 in.
diam for 7/s-in. rivets, and were believed to have been
punched full size. Bottom angles were 4 x 4 x 3/, in.
Lighter steel and smaller rivets were used in succes-
sively higher courses of plates. Horizontal joints werce
made with 7/s-in. rivets between the first and second
courses, with smaller rivets in higher joints. Tank No.
3 failed Dec. 7, 1932, when the temperature dropped to
about —18° F. Tt was filled to the top with crude oil.
Presumably the failure originated in the bottom ring,
and extended wertically through two courses of solid
plate to the horizontal joint hetween the second and
third courses. At this point the vertical erack pre-
sumably stopped momentarily and the cracked sheets
began to lean outward, putting a horizontal bulge in
the tank about midway between top and bottom. This
action was probably accentuated by the collapse of
the roof due to the vacuum produced by oil escaping
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through the original crack. Evidently the shell then
failed in a horizontal direction along the line of the bulge
and at the same time cracked vertically until there was
a continuous tear from top to bottom. Then the ends
adjacent to the tear began to swing outward, the tend-
ency being to straighten out the shell. Pieces were
torn off from each end and carried away by the flow of
oil. The reaction of the oil approximately opposite the
point of original failure pushed over the adjacent shell
and laid it on the ground with the inside uppermost.
The roof remained attached to this portion of the shell
and moved with it.- The result was complete failure
of the tank.

Tank No. 4 failed during the night of Feb. 8§, 1933.
It was filled nearly to the top, and the temperature
had fallen to below —30° F. Tt failed in a manner simi-
lar to Tank No. 3, except that it broke into a larger
number of pieces,

Chemical analyses were made of a piece of each of
tanks 3 and 4, giving the following results in percent:

Tank No. 3 Tank No. 4

C 0.29 0.17
Mn 0.42 0.51

Si 0.002 0.006

P 0.013 0.016
8 0.034 0.030

or 0.015 None
Ni None None

Tt will be noted that the steel from Tank No. 3 had
a comparatively higher carbon content.

The steel had tensile properties usual for such ma-
terial. In a Charpy test of steel from Tank No. 3,
values were 3 to 11 ft-lb at 25° F, 5 ft-lb at 0° F and
1to 2 ft-lb at —25 and —50° F. Similar values were
obtained with steel from Tank No. 4 except that at
25° T the energy was from 21 to 22 ft-Ib.

Tank No. 5 was riveted, 120 ft in diameter, 40 ft
high. It had been erected in 1922 or 1923, on a con-
crete ring with cone heads of the rivets attaching the
bottom to the bottom angle resting on this ring. The
tank had been patched twice where cracks had oe-
curred. At 2:00 P.M, Jan. 9, 1937, leakage was re-
ported through a split in the sheet in the first course.
The tank was filled to a height of 20 ft. The weather
had been mild to the end of December. On January
5th more severe weather arrived, with temperatures
ranging from —22° F mininoum on that night to —11°F
on January 8th. Tt is of interest to note that the split
either was not detected, or did not occur, until after
the coldest weather had passed. Examination of the
split, which occurred in the 1st course, showed it to ex-
tend vertically across the entire sheet. It occurred
about 7 in. from a welded patch. The bottom angle
was not cracked, and in this respect it differed from all
the other failures.

Tank No. 6 was also 120 ft in diameter by 40 ft high,
riveted. It failed partially during the winter of 1933-
34. A crack extended from the bottom edge of the
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bottom sheet, through a rivet hole, and well into the
next sheet. The crack was about 7 in. from a weld
patch. There was a head of 36 ft of crude oil at the
time.

Tank No. 7 was riveted, 117 ft in diameter by 42 ft
high. Tn 1933 inspection showed a crack in the bottom
angle iron. The concrete ring was intact. Inspection
in 1934 showed cracks in 3 lower course sheets, and
eracks in the angle adjacent to two of these sheets.
In January 1935, a failure occurred in one of these
previously patched sheets, about 6 ft from’ the patch.
The oil level was 32 ft.

Tank No. 8 was riveted, 120 ft in diameter by 40 ft
high. Some time during the night of Feb. 25-2G, 1934,
complete failure occurred. Failure followed a sudden
temperature drop from +5 to —20° F in 24 hr. The
oil level was 37 [t.

The investigators concluded for these & tanks, in
part, as follows:

1. All tanks were of riveted construction. Presum-
ably in all cases the rivet holes had been punched rather
than drilled or subpunched and reamed.

2. Cone head rivets were used throughout. The
heads of the rivets joining the tank bottoms to the bot-
tom angle irons rested on the tank foundations. In
a majority of cases concrete ring foundations had been
used which would afford considerably more resistance
to radial movements of the bottom rivet heads than
would earthen foundations, particularly since it was
found that the weight of a tank and contents was sul-
ficient to force the rivet heads partially into the con-
crete.

3. All failures here considered occurred when atmos-
pheric temperatures were of the order of zero or below.

4. All failures occurred in tanks in crude oil storage
service. In cold weather, crude oil is known to par-
tially solidify against the ingide walls and bottom, thus
insulating the tank walls from the warmer oil at the
center and enabling the tank shell to approach, prob-
ably fairly closely, the atmospheric temperature. The
tank bottom, however, being protected on top and in
contact with relatively warm ground underncath, is
usually much warmer. In suddenly cold weather,
therefore, a temperature difference between the center
and periphery of a tank bottom could readily be of the
order of 50° F,

5. All fractures examined and reported were of a
crystalline appearance with little or no evidence of
necking or clongation. Such fractures are character-
istic of brittle failures due to impact or sudden stress
increases.

This author would not agree with the implications
of conclusion number 5. There is evidence of many
brittle failures having occurred in ship and nonship
structures apparently under static conditions.

From the above eight failures one conclusion was
very apparent to the chief engineer responsible for the
above tanks, namely, . . .that, because of the resistance
which the tank bottom or foundation ring may offer



to contraction of the shell when the terperaturc drops
appreciably, the joint between the bottom and shell
of a tank is one of the most critical (if not the most
critical) of all the joints in the tank. For this reason,
it would seem that the utmost care should be used
in the fabrication and inspection of this joint to make
cure that it is as sound and free of defects and other
stress raisers as possible.”

7. Oil Storage Tank, Middle West, [/.8.,6 P.M.,
Dec. 14, 1943'%

This oil tank was of riveted construction, 114 ft in
diameter, and 30 {t high. The roof was of wood, and the
hottom of steel. The bottom course of plates was /s
in. in thickness, with a single row of rivets in the hori-
zontal seam. The vertical seams in the bottom course
were quadruple riveted Jap joints. Higher courses of
plates were successively thinner, the top (fifth) course
being 1/, in. thick.

The bottom of the tank had been leaking. To re-
pair it, a large triangular hole was cut in the bottom
course of plates with a torch so that a wheelbarrow could
he wheeled in. After the bottom was repaired, the
piece of steel which had been cut out was electrically
welded back into place. [t was welded from the outside
only. The work was done in May 1943.

e e

Fig. 3 Oil storage tank with failure emanating from tri-
angular patch plate

The tank is surrounded by escaping oil. The bulge of the broken
plate shows in the first course, at Lhe extreme right.

Fig. 4 Triangular patch in oil storage tank

The triangle is about 35 in. on a ~ide. The crack apparently origi-
aated in Lthe weld, propagating up and down Lhrough the solid metal of
the patch and parent plale. Escaping oil obscurcs the bottom portion
of the crack extending downward from the triangle.

The tank was practically full of oil when it burst.
The atmospheric temperature was about 12° F, and
was rapidly becoming colder. TFigure 3 shows a general
view of the tank, surrounded by escaping oil. The
bulge of the broken plate clearly shows in the first
course. TFigure 4 shows the patch, and the nature of
the break. A triangular section, about 55 in. on a side,
had been cut out. The top of the triangle was about
9 in. from the top of the first course, and the bottom
apex of the triangle was about 8 in. from the tank
base. The rupture shown runs through the entire bot-
tom course plate. Escaping oil obscures the bottom
portion of the crack estending downward from the
triangle.

Subsequent examination revealed that parts of the
weld were poor in quality. Further, the welding of a
patch into a solid plate is known to result in a high de-
gree of constraint, with attendant high residual stress.
The notch effect caused by poor welding, combined with
the low ambient temperature, was sufficient to initiate
a brittle failure in the weld (Fig. 4) which then propa-
oated up and down through the solid metal of the patch
and parent metal.
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Fig. 5 Details of three failed Vierendeel truss bridges

HISTORIES OF BRITTLE FAILURES—THE
ERA OF WELDED CONSTRUCTION

8. Vierendeel Truss Bridge—Albert Canal, Has-
selt, Belgium, § AM., Mar. 14, 193812~

This bridge was of a type known as a Vierendecl
truss, after its designer. Tt consisted of straight lower
chords, with curved upper chords. The upper aud
lower chords were joined by verticals. (See Fig. 5.)
There werc no diagonals. The structure was a very
rigid one. Approximately 50 such bridges were built
across the Albert Canal, with variations in length and
detail to suit the application. Some were built of
welded or rolled I-beams and plate, others entirely of
plate. The Hasselt Bridge® 2 12 had a span of 243 {t
and was made almost entirely of welded plate. (See
Fig. 6). The lower chord was of a double I-beam (or
box) cross section, with a depth (web) of 477/, in., and
a web thickness of 3/, in. The flanges were 11/, in.
thick. The top chord was also a double I-beam with a
depth of 40 in. Again the web was of #/1in. plate,
but the lower flanges were 2%/4¢ in. thick. The verti-
cals were again welded T-sections of lighter construction.
The only parts of the structural portion not made of
plate were the gussets, joining chords and verticals.
They were castings. The steel was a Belgian St-42,
with a tensile strength of 53,000- 63,000 psi.  The bridge
had been in service about one year.

The weather was quite cold when failure occurred.
Eye witnesses heard a sound like a shot and saw a crack
open in the lower ehord between the 3rd and 4th ver-
ticals. This left the top chord acting as an arch. Six
minutes later the bridge broke into three pieces and fell
into the canal. All the fractures were brittle, some
through welds, others in the solid plate away from the
welds.® ¥ 2% % (See Tigs. 7, 8 and 9.) The bridge
was lightly loaded at the time.

The failure of the bridge set off a great flurry in en-

12

gineering circles, particularly in Europe.  Numerous de-
scriptions' -2 (mostly fragmentary) of the failure can
be found in technical and trade journals. Much specu-
lation as to the cause of the failure took place. The
British welding industry, then undergoing a period of
growth while struggling for complete acceptance of
welding as a substitute for riveting, seemed to be par-
ticularly alarmed.'t % One team of British engineers
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Fig. 6 Structural details of Hasselt bridge members.
Nurmerous fractures occurred along line 447
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vigiting the site in April 1938, ¢“. ., . .was satisfied that
the failure was not due to the weakness or imper{ection
ot the welded joints,”%® a prematurc judgment, as it
turned out.

Many investigations were started to determine the
cause of the failure. An official commission of in-
quiry was set up, but its report cannot be found in the
literature. It must be assumed that the en uance of
World War II interrupted its deliberations. Before

{(Eng. News-Record, 121,

Fig. Bottom chord fracture in IHasselt Bridge
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Figs 7 (left) and 8 Top chord breaks in Hasselt Bridge.

Extreme brittle behavior of the steel is evidenl. Breaks

occurred at or near junctions of verticals with chord
Sflanges

discussing these uvestigations, however, it is well to
congider the failure of two other Vierendeel trusses.

9. Vierendeel Truss Bridge—Albert Canal, Her-

enthals-0olen,” Belgium, 2:30 A.M., Jan. 19,
194040 42—14 -

The Herenthals-Oolen span was 200 [t in length,
with chords of single, welded plate I-heams.* (&ee
Fig. 5.) 1In all other principal re-
spects it was similar to the Hasselt
Bridge. Details of plate thickness
ete., are nol readily available, nor
It had

The sen-

are they really germane.
been erected in 1936-37.

try on duly at the time of failure
heard three long reporls in suee
The bridge did not collapse.
Tive hours later, at 7:30 A.M. a 23-

S1011.

ton locomotive passed over the
bridge without incident.  Afterward
cracks were found in the lower

and 7 ft

Temperature was 7% 1.#

chord, one open to 1 m.,
long,*
It will be noted that failure oceurred
All
cracks started at weld junctions
(Fig. 10).

when the bridge was unloaded.

T Aug. 18, 1938)
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Fig. 10 Details of failures in two welded Vierendeel trivss bridges

10. Vierendeel Truss Bridge, Albert Canal, Kau-
lille, Belgium, 7:30 A.M., Jan. 25, 1940 12—+

This bridge had a 160-t span and was erected in
1934-35. It was constructed of rolled I-beam chords,
with welded details. (See TFig. 5.) It is thus not a
plate structure, but is included in this survey because
of the light it sheds on the failure of other Vierendeel
trusses.® 42 At the time of failurc, the temperature
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was 7° F. A total of six cracks were found in the lower
chord. (See Fig. 10.) The bridge did not collapse.

Numerous investigators agree that the original frac-
ture of the Hasselt Bridge started at a weld hetween a
gusset and the lower chord.? 3'-3%  ['Qssature Metal-
lique®® of February 1939 blamed the' failure on residual
stress. It stated: (1) That the welds were of good
quality “but reveal certain imperfections.”” (2) The



steel is above criticism, its excellent quality being re-
vealed by micrographic examination, chemical analysis,
strength tests, impact tests, repeated impact, bending,
clasticity and fatigue tests. (3) “It is therefore, in-
correct to state as has been done in some quarters,
that the brittleness of the steel was either a principal or
contributory cause to the accident.” (4) No signifi-
cance 1s to be attached to the brittle appearance of the
breaks since “breaks due to shock always have this
appearance.” (5) The accident is entirely due to the
quality of welds and welding sequence. The reader
should note that L'Ossature Metalligue is a publication
edited by the Belgium-Luxembourg Steel Information
Center, and thus represents the steel manufacturers’
point of view.

The Vierendeel trusses were several times criticized
for the welding sequences employed.’ 2+ 2 TIn the
erection of one Vierendeel truss the end lifted 3 cm
while still supported on false work. The welders cor-
rected the alignment as they worked.'” 2¢ Tt was also
reported that “numerous, sudden fractures, accompa-
nied by detonations have occurred in Vierendeel welded
bridges; these sudden cracks manifest themselves for
the most part at the works, although some occur during
erection, indifferently at the weld, the scarf of the weld,
or in solid plate, away from the weld.”2

Finally a detailed investigation® of some length was
undertaken in Great Britain, on some steel and welds
taken from the Hasselt Bridge. Tt was found that the
steel had a normal chemical analysis, except that the
sulfur and phosphorus were high. The steels were of
bessemer or fully rimming quality. The mechanical
tests of the steel were found to be satisfactory, except
that the Izod impact values were low, especially on
thick plate. Weld metal showed a high phosphorus
content, there were cracks in the roots of important
butt welds, and sealing runs were absent on the backs of
such welds. The report concluded that the steel, while
in some respects unsatisfactory, could not be entirely
blamed, that the gravest factor was the welding defects
uncovered, and that residual stresses present would have
been of no importance had the welds been sound in the
first place. The report stated that the exact practical
significance of low lzod value is difficult to state, and
“In particular there is no definite evidence that such low
Izods can be the direct cause of the type of erack known
to have developed in this or in similar welded bridges.”

Another investigator® gave detailed radiographic evi-
dence showing the poor quality of the welds in the Has-
selt Bridge. A residual stress of apparently 14000 psi
was found in one welded joint. Another source® quotes
the residual stress as 6.35 to 12.6 tons per square inch
(12,000-25,000 psi approximately).

Finally, Busch and Reuleke*® report a comprehensive
investigation undertaken in Germany of the failures of
all three of the above-mentioned Vierendeel trusses.
They found for the Hagsselt Bridge that: (1) most fail-
ures occurred at junctions between wverticals and the
lower chord in butt welds connecting the flanges of
both members; (2) on similar joints which were intact,

measurement showed the residual stress to approach the
yield point;* (3) the design of the bridge caused a high
stress concentration at the welds, which was worsened
by improper welding sequence; (4) the fractures re-
vealed many fine cracks; (5) welds were defective and
contained incipient cracks; (6) the mechanical char-
acteristics of the base metal were satisfactory and com-
plied with specifications.

In their investigation of the Herenthals-Oolen steel,
Busch and Reuleke reported: (1) Chemical analysis,
percent, as follows:

Co........ 0.09-0.17 ... .... 0.038-0.079
Sto..... .. trace S 0.027-0.038
Mn,...... 0.43-0.94 N....... 0.011-0.030

The spread indicates the variation from plate to plate.
(2) Tensile tests gave:

Beduc-
Yield Tensile Elonga- tion of
point, strength, tion, area,
pst P8z % T
Thickest (1.8-in.) plate 30,000 57,000 36.5 60
Thinnest (0.6-in.) plate 35,000 61,000 35.4 57.5

(3) Tmpact tests with keyhole notch specimens (from

various plates) in the rolling direction gave:

Upper transition temperatures from —10° F and 138 ft-lb to
+68° F and 80 [t-1b

Lower transition temperatures from —60° F and 10 ft-lb to

—40° F and 10 ft-lb
Specimens from the thicker plate had higher transition
temperatures. There was little correlation between the
carbon content of the vartous pieces and the transition
range. Practically all specimens were brittle (at least
in part) at 7° ¥, the ternperature at which the bridge
failed. (4) The steel was not susceptible to cracking
during welding and showed no marked increase in hard-
ness due to welding. (5) Small angles of bend were ob-
tained in longitudinal weld bead specimens from the
bridge, and fracture was always of the cleavage type.
Stress relief gave a greater bend angle, but did not alter
the cleavage fractures. (6) The micro-and macrostruc-
tures of the steel were satisfactory.

In regard to all three Vierendeel failures, Busch and
Reuleke concluded (in part): (1) It should be seriously
questioned if nonkilled bessemer steel should be used
for welding in the thicknesses of the order of 1'/; in.,
in spite of good static tension properties, since the
notch impact properties were unsatisfactory. (2) The
faulty design of the vertical member-lower girder joint,
along with defective welding sequence, was not to
blame for the Hasselt failure, sinee the other two bridges
failed elsewhere. (3) The weldability of the steel
was not a decisive factor. (4) The accident was caused
by (a) multiaxial restraint and residual stress, (b) low
ambient temperature, (¢) the low notch-impaet char-
acteristics of the steel.

As Jate as 1948, however, the ghost of the Hasselt

# There is some difficulty of translation bere.
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Bridge had not been laid. Yet another author!t ex-
pressed his opinion as to the cause of the failure.

This author agrees with the implications, if not the
formal statement, of the Busch-Reuleke conclusions.
The failure was undoubtedly initiated, in the case of
some cracks, by weld defects acting as notches, Per-
haps the truss structure, which is usually rigid, was
contributory. Cracks through the rolled I-beam lower
chord of the Kaulille bridge, not near any welds,® may

" substantiate this view. The low ambient temperatures
in the presence of the dead-load stresses and residual
stresses, combined with the poor notch-brittle charac-
teristics of the steel, did the rest.

11. Fourteen Cases of Brittle Failure in Bridges,
Belgium, Presumably 1941-504

Fourteen cases of brittle failure in bridges are here
reported in an investigation performed under the aus-
pices of La Commission des Ruptures Fragiles de
L’Institute Belge de la Soudure. No locations are given,
and no descriptions of the over-all bridge structures or
their ages. Some of the bridge sections described were
rolled, some were built up from welded plate. In some
cases the steel analysis is given. All the structures
were of rimming steel, with a probable carbon content of
ahout 0.209%,.

The first case presented is of especial interest, since
it involves cracks radiating from punched rivet holesin a
partly welded structure. Complete failure occurred at
0° C by a crack which seers to have started in one of
these holes and progressed across the entire section.
Failure was instantaneous, without deformation.

In the other cases, initiation of failure is attributed to
residual stress, triaxial stress, bad welds (notch effects)
and in one cage, poor steel. Low temperature is men-

tioned as a cause in six cases, and eliminated as a cause
in three. The other case descriptions omit mention of
temperature.

Some of the design details pictured scem to be of the
type used in the Vierendeel trusses, with which so
much trouble was encountered at the Hasselt Bridge
and other locations. With no information given on
history of the structure, no definite conclusions can
be drawn. The extent of the failure (bridge collapse,
etc.) is not stated. Nevertheless the report is a valu-
able one.

12. Three Welded Plate Girder Bridges, Berlin
and Rudersdorf, Germany, 1936-38% 4

Two railway bridges—one single track, one double
track—were crected of St-52 stecl at the Zoological
Gardens Station in Berlin. Girder sections were made
of welded plate, with a web 3 m in depth. On the
single-track bridge, the flange was of 60-mm plate,
500 mm wide. On the double-track bridge the flange
was 620 by 65 mm in cross section. (See Fig. 11.) Tn
1938, after the single bridge had been in use for half a
year, and the double bridge had just been completed,
transverse eracks were noted in the fillet welds between
web and Hanges, cxtending well into the parent metal.
Crack stopper holes were drilled at the crack ends, and
temporary supports provided. These spans then car-
ried several hundred thousand trains before being torn
down in 1938 and replaced with riveted structures, also
of 5t-52.

At Rudersdorf, near Berlin, an Autobahn bridge,
also of St-52 steel, was being completed at the time of
the above trouble. Tt was of plate girder constructior,
with 17 spans totaling 3280 ft. Because of the Zoo
difficulties the welds were carefully X-rayed, and neces-
sary sections repaired. On the night of Jan. 2, 1938,
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the temperature suddenly dropped 10° C. Here also
cracks started in the fillet weld between the lower flange
and web, traveling up into the web, nearly across the
girder, which was 2.8 m deep. The flange was 39 by
640 mm in cross section. (See Fig. 11.)

In both cases, investigators concluded that hardening,
combined with residual stress, initiated fracture. In
the case of the Rudersdorf bridge, vertical stiffeners
had been welded to the web plate before the flange
plates were connected toit. This apparently resulted in
restricting the shrinkage of the fillet welds between web
and flanges, causing high residual stress. Extensive
tests were made*? of thin welds on thick flanges of high
thermal capacity. Hardening resulted in this thin de-
posited metal, resulting in transverse cracks.

13. Duplessis Bridge, Three Rivers, Quebec, Can-
ada, 3:00 A.M., Jan. 31, 195147 %

This bridge consisted of two sections, totaling 1380 {t,
containing six 180-ft spans, and two 150-ft spans. It
wag of continuous welded plate-girder deck construe-
tion, resting on concrete piers. The two girders were
32 It apart, being 12 ft deep atl the piers, and 8 ft deep
at the centers. The bridge was completed in 1947. In
February 19350, in cold weather, 27 months after com-
pletion, a fracture was discovered in a down-stream
girder of the East.Crossing. While this was being re-
paired a similar fracture was found in an identical lo-
cation in the West Crossing, Both cracks originated
in top flange plates, close to butt-welded joints, and
traveled toward the center of the girder. The East
break buckled the web and lower flange. The West
break stopped because of the tension action of the slab
reinforcing. All similar butt-welded joints were
checked on thig bridge and on the 1548 ft St. Rose and
1520 ft St. Fustache bridges of similar construction.
No other defects were found.

Rust colorings in the cracks indicated that they had
spread in two or three stages, radiating from the fillet
welds joining the web to the flange. Paint was found
in the cracks, indicating they had been there (at least
in part) before the girders left the shop for the bridge
site.®®  To repair these fractures, sections of damaged
web and flanges were removed and replaced with web
and welded flange sections that were riveted in place to
the old material. Following this all tension joints were
reinforced with riveted plates.

Finally on Jan. 31, 1951, nearly a year later, the
west half of the West Crossing collapsed into the river.
Traffic on the bridge was negligible. The temperature
was —30° I.¥ Two weeks before the final collapse a
Provincial bridge ingpector had run a continuous 10-day
inspection and reported everything satisfactory.

At the time of the first trouble, February 1950, an
exhaustive investigation® had been carried out. This
revealed (in part) that the flange plate had been ordered
to meet C.8.A. 540 (ASTM A-7) specifications. Al-
though not stipulated in the specification, thick struc-
tural plate is usually rolled from semikilled or killed

steel. Inthis case the mill supplied rimmed steel which
was passed by inspectors and built into the bridge.

The broken flange plates were found to be of poor
quality rimmed steel unsuitable for welding. They con-
tained high local concentrations of ecarbon and sulfur,
with many slag inclusions in the form of strings, par-
ticularly in the core section.”® The postfracture anal-
vsis® of the 2!/p-in. flange plate showed a variation in
carbon content of 0.23-0.40%,, and a sulfur content of
0.04-0.1169,. Manganese varied from 0.30 to 0.339%.
The yield point of the material varied from 27,800 to
57,800 psi, with an average tensile strength of 58,000
psi.  Charpy notch-bar tests gave values of 3, 4, 4 and
6 ft-lb at 100° F. The welds were generally satisfac-
tory in quality, showing some slight slag inclusions.
D. B. Armstrong®® concluded speculatively that the
original cracks may have been initiated when the lon-
gitudinal fillet welds were laid across the butt welds,
the combination of restraint and shrinkage stress being
too great for the notch sensitive material.

It is the belief of this author that with so brittle a
material, any slight defect, combined with dead load
stresses, might lead to catastrophic failure at low tem-
peratures. Seventeen other welded continuous girder
deck bridges, totaling two miles in length, stand in the
Province of Quebec.®® So far as is known, no trouble
had been experienced with them. The government of
the Provinece of Quebec is still conducting an investiga-
tion into the fall of the Duplessis Bridge. Results have
not been made public.

14. Spherical Hydrogen Storage Pressure Vessel,
General Electric Corp., Schenectady, N. Y.,
2:47 P.M., Feb. 16, 1943431

This was a spherical hydrogen tank, 38.5 ft in diame-
ter, 0.66 in. thick, semikilled plate, of welded construc-
tion. Tt had been in service three months. The design
was in accordance with Paragraph U-69, ASME Code
for Unfired Pressure Vessels. The design called for a
working pressure of 50 psi, a working stress of 11,000
psi and a weld efficiency of 809%. 1n 1942 it had been
tested at 62.5 psi, showing no leaks. The manhole
of the tank had been made in two subassemblies (bolt
fAange of neck in one, collar and sphere plate in the
other) and welded in place on the ground. All man-
hole plates were made of 3/.~in. sheared cold-rolled
plate. The plates were cold shop formed, and in ac-
cordance with Paragraph U-69, no stress relieving was
performed.

On the day of the fracture, the ambient temperaiure
had been subzero, had risen 27° F in 7 hr, and was 10° F
when failure occurred. The internal pressure was
about 50 psi. The sphere burst catastrophically into
20 fragments, with a total of G50 ft of herringboned,
brittle tears. The tears were plotted on a model, with
directions of herringbones marked by arrows. All
herringbones led back to the manhole, which was the
origin of fracture. (See Fig. 12.) The intensity of
the failure was greatest in the manhole region.
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Fig. 12 Plot of failed hydrogen sphere at Schen ectady, N. Y., showing path of britile tears determined from the herringbone
markmgs

The general quality of the welding was excellent.
Only a few feet of fracture followed welded seams or the
heat-affected zones. ILater examination of the re-
lief valves showed them to be operating satisfactorily.
Fractures did not involve, except in a minor way, sup-
port leg attachments where stresses were higch. On
good evidence, the possibility of internal explosion was
eliminated. The field assembly of the manhole neck
required heavy welds of many passes. Old eracks were
later found in this metal, as well as many small cracks
in the inner, skeared edge of the neck. The investiga-
tors'® 5 believed the causes to be: (1) High stresses
at the manhole neck, due to the presence of the hole
mn the sphere; (2) residual stresses approaching the
vield point in the manhole neck, duc to shrinkage of
the heavy weld. There were several old radial cracks
in this region; (3) the use of semikiiled steel, which was
brittle under the present circumstances; (4) probable
thermal shock due to the rapid rise of temperature and
the sun’s rays inereasing the hydrogen pressure, or to
thermal stress due to uneven heating of the sun’s rays.
The large amount of energy available from the com-
pressed gas wag sufficient to scatter the pieces without
an explosion.

The investigators recommended that gas vessels
should be tested at twice the working pressure with wa-
ter, rather than 1'/, times the working pressure with
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gas, and that subassemblies (such as manholes, nozzles,
ete.) should be built in the shop, stress relieved and
magnafluxed for cracks. The design of these subassem-
blies should be such that heavy, built-up weld deposits
which cause high residual stress are not used.

15. Spherical Ammonia Pressure Vessel, Penn-
sylvania, March 19435

This sphere was built to contain anhydrous amnmonia
(density 42 Ib/ft*) at 75 psi. It was 40 ft in
diameter, 7/s-in. plate. Some plates were rimmed steel,
others semikilled steel. Tt was supported on seven
columns with reinforeing pads, ?/, by 19 by 84 in. where
the columns joined the sphere.

Failure occurred while the sphere was being sub-
Jjected to a hammer test, called for by the 1940 ASME
Code for Unfired Pressure Vessels. This test required
the seams to be struck with an 8-1b sledge hammer
while the vessel was filled with water at 115 psi. A
horizontal, brittle tear resulted when the hammer struck
a vertical seam. Practically none of the tear followed
any welded seams, and the tear extended to the right
and left of the hammer blow. Following this, 209, of
the seams were examined by magnafiux, with no serious
defects detected. The welds were of good commercial
quality. Failure had been initiated by a notch effect
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produced by a slight overlap of weld metal, combined
with slight weld porosity. A previously built vesscl,
twin of the failed spherc was surveyed by strain gage
technique while full of water at 40 and 75 psi. The
report states that the design was found adequate.

16. Spherical Pressure Vessel, Morgantown, W.
Va., January 194451 52

Tollowing, the failure of the foregoing sphere, several
similar tanks, which had been in service some time,
were checked (by magnaflux) to see if manhole de-
fects were present. Among others were six spheres in
an Ordnance plant at Morgantown, W. Va. They were
built for a liquid (unspecified) density 42 Ib/ft?, pre-
sumably ammonia, at 50 psi pressure, and working
stresses of 11,000 psi with 909 joint efficiency. After
repair of the manholes, tanks were tested by filling with
water at 100 psi. The second sphere while being tested,
failed completely at 98 psi. The bottom dropped out,
and the top fell in on it. (See Fig. 13.) There were

Fiz. 13 Failed sphere at Morgantown, W. Va., showing
long briktle tear

350 ft of herringbone tear, and ouly 4 {t went along a
seam. The direction of the herringbone indicated that
the tear probably started at a point just below where a
column was attached to the shell. Subsequeut strain
sage readings on a duplicate sphere indicated high local
stresses al column attachments. There were 800 ft of
welded seams of good quality, though at some points
there was lack of complete fusion.®

The temperature during the previous night had been
about 19° ¥, and was at 30° ¥ at failure. The water
temperature in the sphere was about 38° F. At 32°TF
the keyhole Charpy impact value for the stecl was well
below 15 ft-lb. The chemical analysis of the steel
showed a carbon content of 0.20-0.21% C, 0.47-0.48%
Mn, with the remaining elements as is usual for ARTM
A-7 steel of firebox quality.®

Iingineering personnel of the operating organization
recommended in part as follows:

1. Sheared projecting ends of nozzle and manhole
necks should be machined or ground to a depth of
1/, in. to remove cracks.

2. In future, shop-assembled, stress-relieved sphere
sections complete with nozzles and manholes should be
used for all openings.

3. Existing spheres should not be operated over
509, of maximum hydrostatic test pressure.

4, Top of columns and adjoining sphere sections
should be stress relieved.

5. To reduce bending, thicker plate should be used
atl column connections, rather than a double plate.

A strain gage investigation into the stresses of spheri-
cal tanks was performed by G. A. Brewer® on a buta-
diene gas tank 50 ft in diameter at 60 psi pressure.
(This was not one of the tanks referred to above.)
The plate was 0.822 in. thick, of ASTM A-70, semi-
killed steel. The Unfired Pressure Vesse] Code al-
lowed a working stress of 11,000 psi.  He found that on
the juncture of a horizontal and vertical weld bead, on
a plate to which a column was fastened, the stress was
33,800 psi, or 2.88 times that predicted by simple theory.
Adjacent to the column it was 19,100 psi, or 1.62 times.
These stress values have been criticized, however, on
the grounds that the figure of 33,800 psi measured al
full pressure, on the outside only, may really have rep-
resented merely a stress difference, rather than true
value. Yorinstance, the stress may have been —15,000
psi with no pressure, and -+18,000 psi at {ull pressure.
TUntil the residual stress in the unloaded condition is
known, the question will remain unanswered. For
further comments on residual stresses, see Discussion,
page 36.

17. Cylindrical Gas Pressure Vessel and Spherical
Gas Pressure Vessel, East Ohio Gas Co., Cleve-
land, Ohio, 2:40 P.M., Oct. 20, 19443% 55

These tanks,’ with two other spherical tanks, were
huilt to hold liquefied natural gas at 5 psi and —260° F.
A pilot plant was first put in operation in 1940, from
which it was concluded that ordinary steel was not
safe below —50° F.  Charpy tests were performed on
various metals, from which it was decided that various
metals in order of excellence for a safe Charpy impact
test value were copper, brouze, Monel metal, red brass,
stainless steel (type not specified), and steel plate with
less than 0.099 carbon plus 31/,% nickel. Erection of
the full-scale plant was begun September 1940 and
completed January 1941, The storage facilities con-
sisted of three double-shelled spherical tanks. The
outer shell of each was of welded, open-bearth, mild
sleel. Inside was a 3-ft layer of granulated cork,
then the 57-ft diam storage sphere of the nickel alloy
steel. This had a specified percentage analysis as
follows:

C o e e 0.08-0.12
Mo, ..o e e 0.30-0.60
5 S 0).045 max
P e e 0.045 max
5 0.10--0.20
Mo e 3.25-3.75

This steel was deoxidized, rolled, normalized at
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1550° ¥ to a McQuaid grain size of 6-7, and a hardness
of BHN 149-152. The designer picked this alloy be-
cause he believed it to be satisfactory and less costly
than other materials considered.® Seams were welded
with 25Cr-20Nirod. Weld specimens from all welding
positions and plate thicknesses were, according to one
report,® impact tested at —260° F and gave Charpy
values of greater than 15 ft-Ib in both welds and heat-
affected zones.® The cork space between the shells
was vapor tight and kept dry by low-pressure gas dis-
charge. Each sphere was supported on 12 columns,
the liguid content having a density of 26 Ih/ft?. De-
sign stress was 13,750 psi and tanks were equipped with
safety valves.®

In 1943, after the spheres had been in use approxi-
mately two years, it was decided to add an additional
cylindrical-toroidal storage tank. The designer felt
that this tank would have a safer shape, inasmuch as
plate flexure would be decreased. Again the inner shell
was of the same 3'/,%, nickel alloy and the same weldin g
procedures were used. The inner shell was 70 ft in
diameter, 42 ft high. The top and bottom were dished
heads within a dished annulus.  The bottom inner shell
was supported by wood posts. The outer shell was
76 ft in diameter and 51 ft high, the inner space being
filled with rock wool. Design stress was 12,496 psi.

The cylindrical shell was given a hydrostatic test by
filling it half full of water and pumping the remaining
ait space to 5 psi. When the tank was first filled with
liquid gas in June 1943 a plate in the bottom cracked.
In July 1943 the cracked section of this plate was drilled
and chipped out, and a patch was welded in. The
patch plate was dry-ice ecooled during the process so
that no residual stress would result. The residual stress
was checked by strain gages. The tank was again
tested, then uniformly cooled as it was filled with Ii-
quid gas. It was put in serviee with no further ineci-
dent.5

On Oct. 20, 1944, as the plant was being shut down,
witnesses saw vapor or liquid issuing from the eylindri-
cal tank, one-third or one-half way up from the bottom.
The atmospheric temperature was 51° F al the time.
There was a rumble and Aames. xplosion followed.
Twenty minntes later an adjacent spherical tank failed
i the heat, due to weakening of supporting columns.
Liquid gas flowed into the sewers, spreading the holo-
caust. One hundred and twenty-eight persons were
killed, damage was $6,800,000.5 %

Beveral simultaneous investigations ensued. Oue
account states that fragments of the inner shell of the
eylindrical tank showed that rupture had started at the
center of the roof, had run radially outward, dowu the
shell, and in through the bottom.”" The fractures were
of the brittle type. There were some failures at the
weld, but these may have been caused by the heat of
the fire. There seemed to be no evidence of an initial
explosion, but rather just disintegration of the tank.
Analysis of the steel showed that it conformed to speci-
fications.® FExternal explosions were eliminated as
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causes, but some type of seismic shock load, either from
an adjacent railroad or nearby drop bammer, remain
possibilities. It was pointed out by one group of in-
vestigators® that most industrial concerns use [austen-
itic] stainless steel, or nonferrous metal for low-tem-
perature applications.

Another investigator® performed a detailed metal-
lurgical examination of the failed No. 4 vertical eylin-
drical tank. The chevron markings on a great many
tank fragments were checked and plotted on a model
with little success. All the evidence indicated that
thore were a great many origins of fracture. There was
nothing to indicate that the pateh plate in the bottom of
the tank had been a failure origin. The material was
generally of good quality, and generally {ree of serious
defects. The plate was found to be hot rolled, and in
the as-rolled condition. Some weld defects were dis-
covered by X-ray, but they were not serious. Charpy
tests (with keyhole notch specimens) were performed
at —248° F. Specimens from plates in Tank No. 4
(which failed) gave values of 3-5 ft-Ib at that termpera-
ture. Specimens from Sphere No. 1, which had stood
undamaged through the fire and was cold several days
later, gave values of 1-6 {t-1b, as did a spare plate [rom
this sphere. It will be noted that some of the findings
here reported are at direct variance with the plate prop-
erties reported above.5

This same investigator® concluded that the lack of ad-
herence to the 15 ft-lb minimum Charpy value at serv-
ice temperature was of primary importance as a cause
of the disaster. ITe pointed out that cven at —194° F,
well above the service temperature, his findings showed
that a relatively small fraction of the specimens tested
by him exhibited sufficient ductility in the Charpy test.
He also criticized the design of the cylindrical tank, in
that the vertical member of the belt ring was stressed
in tension in the direction perpendicular to the surface.
Spalling was observed here when the bottom plates tore
Ioosce.

One conclusion of another group of investigators®
points out that the designer caleulated only the mem-
brane stess for this cylindrical tank. Caleulations of
secondary stresses at discontinuities showed that in
one loeation the bending stress approached 50,000 psi.
They also were of the opinion that because a spherical
tank has fewer discontinuities, it would be better where
low-temperature brittleness is a factor. It is the opin-
ion of this author that that simplicity of structure in it-
sclf will not necessarily bar brittle failure. This is
demonstrated in gas line failures (see below).

The designer of these tanks, in an article published
before the disaster®®, stated that this type of gas con-
tainer cost about $1839 per million cubic feet of stor-
age (regasified) versus $47,600 to $99,000 per million
cubie feet in normal gas holders. In the course of the
investigation® following the disaster he stated that the
nickel alloy was to all intents and purposes brittle at
—260° F, despite a satisfactory Charpy value. He in-
dicated that when a sheet of this steel was at a low
temperature, a sledge hammer could be driven through



it, but that in his opinion this should not obviate its
use for construction purposes. He cited examples of a
large number of brittle materials used in construction.®

Hindsight is doubtless better than foresight. Today,
one asks, in view of the large comparative savings in
construction, why the more expensive stainless steel
was not used. Certainly the greatest danger of notch-
brittle steels becomes apparent, in that the lesson to be
learned is this—while many brittle materials are used
in construction, they are designed for as such; design
for ferritic stee) assumes the material to be ductile, and
sometimes it is not.

18. Five Oil Storage Tanks, Russia, Dec. 1214,
1947%

These were cylindrical tanks of 160,000 cu ft capac-
ity, somewherc in Russia. No details of dimensions,
construction or contents are given. The material was
an ST-3 steel, with a specified percentage analysis as
follows: 0.13-0.20 C, 0.35-0.60 Mn, trace of 8i, 0.05
I’ max, 0.05 8 max. The welding clectrodes had a
thin chalk coating, apparently to stabilize the arc.

In the course of 48 hr all five tanks developed innu~
merable eracks where the bottom joined the first course of
plates. All cracks were on the northeastern side, facing
prevailing winds, During the time that the damage
oceurred the temperature ranged from —-31° F at
noon, to —47° ¥ at night. There was no show cover.
No tanks burst, but all became leaky. In a tank num-
bered as 18, a crack started at the bottom where the
base angle iron joined the first course in a triple layer of
welding. The crack went through a vertical welded
joint. In Tank No. 19 a crack started in a weld crater,
went through the cover plate angle iron, and the bottom
course of welds. In Tank No. 11 a crack went all
along the welded joint around the cover plate, up into
the first coursc of plates, and down into the bottom.
The other two tanks behaved similarly.

The tanks had been built from 1941 to 1943. There
had been no previous trouble. Much of the welding
hac been done in the winter in temperatures of —32 to
4-27° F. The cracks had all started at notches (cra-
ters, lack of fusion, weld build-up, covered weld eracks).
TResidual stresses were also blamed, as well as thermal
stress. In previous winters the cold had set in gradu-
ally and evenly. This year the weather had been mild
with no snow. 1t had turned suddenly cold on Decem-
per 10th. The tanks rested on unfrozen ground, and
the contents were warm. Sudden contraction due to
the cold wind caused fracture on the windward side.

19. Crude 0il Storage Tank, Middlewest, U. S.,
7:31, AM. Feb. 2, 1947%

This tank was built in 1944. Because of the mate-
vials shortage, plates were obtained from dismantled,
riveted tanks. The cleanout door and its reinforcing
plates were new steel. The rivet holes were trimmed

off the plates, and the edges prepared for welding. The
original diameter of 120 ft was preserved, but the tank
height was increased from 40 to 48 ft, 43/4 in.

At the time of failure the tank was being filled with
crude oil, which had reached a level of almost 45 ft.
The oil temperature was 43° F, and the air tempera-
{ure was approximately 0° ¥. On the previous day
the air temperature had been about 42° F. Failure
originated at an upper corner of the reinforeing plate
of a shell cleanout door in the bottom course. The
crack propagated upward through this plate at 45 deg
to the vertical as far as the horizontal weld between the
reinforcing plate and the shell. (Sec Fig. 14.) It then
spread up and down through the entire height of the
shell. The shell tore loose from the bottom plate,
flattened out and floated away. The directions of
crack propagation were determined from the herring-
hone markings.
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Fig. 14 Failed crude oil storage tank showing path of the
crack through the tank shell
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Fig. 15 Details of square cornered cleanout door in failed
crude oil storage tank

=

Fig. 16 Section through horizontal cleanout door jamb in
failed crude oil storage tank. Note poor quality of welding
as evidenced by cavities
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Fig. 17 Failed crude oil storage tank, showing britile
tear, with origin of fracture al corner of cleanout door
reinforcing plate
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ROTCN WHERE
FAILURY ORIGINAYED

Fig. 18 Origin of fracture in failed crude oil storage tunk,
Arrow indicates direction of crack propagation

The investigation showed the computed stress to
have beea 19,000 psi, 1 i above the lower edge of the
bottom shell course, which was 0.66 in. thick. The
cleanout door was rectangular with square corners, with
a coincidence of a number of built-up plates and welds.
It reminds one of Liberty ship hatch corners. (Bee
Fig. 15.) The quality of welding around these cor-
ners wag poor. (See Fig. 16.) Fractures exhibited
typical herringbone markings. (See Fig. 17.) The
origin of failure, Fig. 18, shows that the fracture was
brittle from its inception, as ig typical in most engi-
neering structures.

Percentage analysis of the shell and reinforcing plates
showed :

Shell Reinforeing
plale plate
D 0.11 0.28
Moo 0oL 0.44 0.49
P 0.010 0.013
o 0.033 0.032
. S 0.002 0.002
B 0.01 0.02
Ni.............. . 0.03 0.04
Mo ................... 0.01 0.01
ASTM Spees............ A-70orA-10 A-7
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Tensile tests showed the material to have the usual
strength and ductility of such steels.
Charpy tests with keyhole specimens showed:

Temperature, Shell Reinforcing
°F plate plate
Room 30-40 19-20
25° 5-8 4.5-8
0° 3-3.5 3.5
—25° 2.5 fl-Ib 2.5 ft-lh

The investigation concludes that, “Both of these
materials, while of average quality and similar to those
used for tank work, probably should be characterized
as notch sensitive. ... The carbon content of the rein-
forcing plate is within the range of the so-called welding:
grade steel.”

20. Oil Storage Tank, Normandy, France, Winter
1950-51%

This was a tauk of 10,000 cu m capacity. The de-
tails of constriiction, tank size, plate thickness, oil
height, weather conditions and exact date of fracture
are not given. Two cracks appeared, running up from
a vertical weld in the [irst course of plates, joining, and
stopping after just crossing a horizontal welded seam.
Apparently no further rupture took place. All cracks
were roughly perpendicular to the adjoining seams that
they crossed. Direction of erack propagation was de-
termined from herringbone markings. Photos showed
many of the welds to be of bad quality. One vertical
seat was later broken open through the weld. Bad
surlace irregularitics, undercutting and cracks were
evident.

Analysis of two plates showed one to have 0.199%) C,
the other 0.129%, . The analyses were typieal of low-
carbon plate steel, with sulfur and phosphorus quite
low. The cracl, while starting in the seam between
these two plates, traveled only througl. the higher car-
bon plate.

21. One Crude 0il Storage Tank, and One Gas
Oil Storage Tank, Fawley, England, Feb. 12 and
Mar. 7, 195262

These tanks failed while being given hydrostatic
acceptance tests. Tank sizes and data at failure are
as follows:

Crude Gus o1l

Bize 140 {1, diam 150 [t diam

by 54 ft by 48 ft
Construction Spec. APT 12 C* APT 12 C*
Water height at (ailura 48 Tt 38 -39 ft
Steel B8 13 B.8. 13
Tilling rute 6 ipm 9 ipm
Water temperature 40° F 10" F
Air temperature 30° F 47.4° F
Fuilure date Feb, 12th Mar. 7th

* Amended to call for 100% weld penetration on horizontal
seams, .



Inspectors checked the tanks on erection. The weld-
ers were qualified. Weld probe samples were found to
be satisfactory. The crude oil tank was the eleventh
identical tank huilt by the same contractor, and the
gas oil tank was the [ifth by another contractor.
There was no trouble with the previous tanks. In the
crude tank the plates varicd from 11/s in. thick on the
first course to 1/, in. in the ninth course, and in the gas
oil tank from 11/5 in. on the first to 1/, in. in the cighth.

The crude tank had had a previous partial failure on
Jauuary 30th. During a hydrostatic test on that date,
a crack had started at a weld probe replacement in the
first horizontal joint. The crack was 24 in. long and
extended across the joint into the first and second course
plates. Water height at the time was 35 ft. The
tank wag drained and repaired. At the time of com-
plete failure at 11 P.M., February 12th, no damage
occurred in this earlier repaired arca, which was lo-
cated about half-way around the circumference from
the final failure. The tank split into two sections ag it
washed out. The gas oil tank split at 10 A.M., March
7th, In a manner similar to the other, but the shell
stayved in one piece. Prior to the water test in the gas
o1l tank, some cracks and unfused welds had been re-
moved and repaired. These repairs did not faill when
the final fracture oceurred.

Herringbone markings in the crude tank showed that
the crack had started at a weld probe replacement in
the first horizontal joint. The crack progressed ver-
tically in both directions, traveling in a brittle man-
ner up to the ffth course (/3 in. thick) where it
changed to a shear type of failure. The weld probe
had been cut from the outside and apparently had just
barelv penetrated the inside surface. The replace-
ment weld metal did not penetrate to the inside of the
groove. At the back of the probe location a single
cover bead had been laid over the opening. There
had been no back chipping to remove slag and provide a
clean surface for the back weld. Thus a void had been
left about 2 in. long, extending 20 to 259, into the plate
thickness.

In the gas o1l tank herringbone markings showed that
fracture had started at a partially repaired crack in the
top 10 in. of a vertical weld in the first course. This
crack had extended about 2 in. into a second course
plate. The erack was old, and its surfaces were coated
with a black oxide film from subsequent welding opera-
tiong. The final failure progressed vertically in hoth
directions, changing from brittle to ductile failure in
the fourth course of plate (2!/s in. thick)., For the
greatest portion of its length, the crack traveled through
plate rather than welds. In the fifth course, however
(where failure was in shear), it traveled through a ver-
tical joint. This joint showed a serious lack of pene-
tration throughout its length.

The old ecrack, from which the failure started, had
been partially, but improperly, repaired. It had not
becn entirely chipped out beforc rewelding, and only
a cover bead had been laid over the part that extended
into the second-course plate.

The investigators concluded that the failures were
initiated as a result of poor workmanship, and that in
many respects the mode of failure was similar to that
in welded bridges and ships.  Accordingly, the proper-
ties of the stecl were investigated.

Analyses (in part) showed the following, given in
percent*

~——Crude tank——. ——as o1l tank——
1st 2nd st 2nd

course couTse course course
G 0.165 0.21 0.245 0.22
5 0.036 0.041 0 027 0.03
P 0 024 0.025 0 031 0 031
Mn 0.54 0.56 0.62 0.54
N1 0 86 0.062 0.11 0 08
Cr 0.02 0.02 0.05 0 05

Tensile tests gave the usual results for such mate-
tial, within the values for B. 8. 13 steel, which had been
specified.

Charpy V-notch tests on steel from the erude oil
tank gave the following range of values:

——— = —-Ftlb at temp, ° F—————

4 2 50 68
1st course 34 37 5-12 13-30
2nd course 35 59 5-16 12-22
3rd course 7-9 14-20 15-21 34-45

Charpy V-notch tests on steel from the gas oil tank
gave:

—Ft-lb al temp, * F —————
2

4 32 68 104
1st course 3-7 6-10 18-27 3045
2nd eourse 1 6-8 9--20 30

U-notch tests gave somewhat higher values.

The investigators then further concluded that at-
tention must be paid to the notch brittle characteristics
of the material, as manifested by Charpy impact tests.

One very pertinent point discussed by the investi-
gators was the sectioning method of weld inspection
specified by the APl Code Section 120. A few defec-
tive welds were found by thig method and necessary
repairs were eflfected. However, a gross defect in the
gas oil tank welding went undiscovered. Moreover,
on the crude tank, the unsatisfactory replacement of a
probe provided the delect which initiated complete
failure. Some probes were, in addition, not cut deep
cnough, thus raising the possibility that lack of pene-
tration in the root was not disclosed. Radiography,
by X-rays and gamma rays was therefore proposed as a
better means of inspection. It is stated that radio-
graphic means have since been used at Fawley to reveal
lack of penetration, underbead cracking and inclusions
in other tanks.

Finally the report points out thai the Fawley steel
was in the transition range at the operating tempera-
ture of approximately 40° F. The conclusion is
reached that steels less subject to brittle failure, such as
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ABS (American Bureau of Shipping) Class C steel, or
steel prepared under Lloyd’s Register of Shipping Speci-
fication P-403, should be used for the time being. This
survey discusses thesc steels at a later point.

22. Three Empty Oil Storage Tanks, Europe,
195283

Three floating roof tanks, 144 ft in diameter by 45 ft
high had been built of eight courses of plate. Plale
thickness ranged from 7/s in. in the lower course Lo
/4 in. at the top. The steel had a tensile strength of
26 to 33 tons per square inch, with an elongation of
20% in 8 in.

In the course of erection, the contractor had chipped
flush the weld overfill at the seams inside the tank. In
addition, from the marks on the plates along the welded
seams, it was evident that an excessive amount of ham-
mering had been done to correct distortion. (See Fig
19.) Several weeks aftcr completion, when the tanks
were still empty, the ambient temperature fell to —4°
C. A large number of cracks developed in all three
tanks. The cracks had originated at the chipped or
hammered surface of the welds, extending transversely
across the welds, entering the plates for a distance of
about 3 in. (See Fig. 20). Kxcept in one instance,
the cracks occurred in plates over 1/: in. thick.

In V-notch Charpy tests, the temperature range for
15 ft-Ib was 410 to —10° C, for both the parent ma-
terial and the weld metal. In the opinion of the inves-
tigator, the causes of the failures were:

1. The formation of transverse surface fissures
caused by the chipping tool. A section through one
of these fissures (Figs. 21 and 22) showed it to be quite
a sharp notch,

2. The existence of tensile residual welding stresses,
acting in a direction normal to the surface fissures,
along the line of the weld.

3. The increased notch sensitivity of the steel due
to the fall in temperature, and to the work hardening

,
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of the weld surface layers by the action of the chipping
tool and by excessive hammering,

Since the fissures left by the chipping tool were of
such small size, it was believed necessary to show that
such a discontinuity would produce this effect. Speci-
mens from the tank weld were prepared and bent at
various temperatures with the chipped weld surface in
tension. Al 0° C a brittle fracture occurred without
deformation. (Sce Fig. 23.) In other specimens
with the chipped surface ground off, a bend of 45 deg at
this temperature gave no indication of a brittle failure.

23. Water Storage Tank, Tucumcari, N. Mex.,
Dec. 13, 19515

This tank had been designed for oil stoage. In
1938 it was torn down and in 1940 re-erectedr in Tucum-
cari for water storage. It was of lighter construc-
tion than permitted by standards of the American
Water Works Assn.  The tank was 115 ft in diameter,
30 ft high. Plates at the base were !/, in. thick and
butt welded, */s in. thick and lap welded at the center,
and /4 in. thick and lap welded at the top. There was
a light, column-supported roof, and a plate floor resting:
on pea gravel.

At [racture 2,300,000 gal of water were released. A
butt weld seam at the 1/-in. thick base course had let
go. This tear propagated through the solid plate to
the top. ~Later cxamination revealed that the butt
weld in the !/3in. plate had been faulty. The plates
had becn flame cut apart on the original disassembly
and had been given no edge preparation before reweld-
ing. As a result the weld on the !/x-in. plates was only
partially filled with filler metal. Blackened edges of
the original flame cut were plainly evident in this weld.
Penetration of less than 0.1 in, had been obtained.

Some of the welds that did not break were offset or
were filled with slag covered by weld metal.

The steel

Fig. 19 European tank failures. Strip of weld joining 7/s- and 3/4-in. courses of plate, showing severe hammering on and
around weld. Approximately 1/y actual size
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itsell was of good quality, judging by tensile tests. 24. Power Shovel Dipper Sticks (Location Not

Notch-bend tests were not performed. It will be noted Given) Circa 19525
that here again, bad welds initiated failure which prop-
agated into sound plates. A dipper stick of a power shovel is the long member
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Fiz. 20 European tank failures. General appearance o crack across the weld between °/s- and '/:-in. courses. Approxi-
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mately 1/, actual size

g .,‘i e
. : g 3 3 . y y . ! & ) ‘N r ‘*‘““ F.’:‘?«’ o
S \ 3 S
K FOLEE : \ == e o N
Fig. 21 European tank failures. Longitudinal section of weld, Fig. 22 European tank failures. Fissure caused
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Fig. 23 European tank failures. Test plate bent at 0° C with chipped surface in tension. Brittle failure resulted.
Approximately 1/, actual size
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Fig. 24 Power shovel dipper stick, showing brittle failure
which occurred at the bumper, which acted as a discon-
tinuity

the end of which carries the shovel bucket. These
sticks may vary in length, depending on the size of the
equipment. In the case in question, the stick was a
tube 37 ft long, circular in cross section, with an outside
diameter of 20 in., and a 7/s-in. wall. The tube was
made in half sections (semicylinders) 6 ft long, cold
formed {0 a 10-in. outside radius. Longitudinal welds,
joining the two halves of each section, were made using
a 3/s-x 11/yin. flat bar as a backing plate. Both the
longitudinal welds and the circumferential welds to
join the tubular sections were made by the submerged
arc process.

The material was a “Man-Ten” plate, which would
be classified as a low-alloy structural steel. The car-
bon content is usually about 0.129;, but may bhe
varied somewhat from this fgure. Remaining
nominal composition in percent is: Mn 1.25-1.70,
81 0.30 max, Cu 0.20 min, P 0.04 max, 8 0.035-0.055
max. The copper in this material is added for corro-
slon resistance. Because of the high manganesc, car-
bon must be kept low to prevent air hardening on weld-
ing. In general, alloy structural steels of this type
have yield points in the range of 45,000-65,000 psi, and
tensile strengths up to 90,000 psi. Their impact
toughness is higher than ordinary carbon steels.®

Failure in this particular stick oceurred at a tempera-
ture of —15 to —20° F. The fracture occurred at the
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Fig, 25 Power shovel dipper stick. Mating half of frac-
ture shown in Fig. 24

bumper, a piece which keeps the stick from moving too
far. The bumper is a plate, sticking out in a radial
plane from the tube, and as such is a discontinuily.
Figures 24 and 25 show both halves of this failure.
Similar failures had also occurred on other sticks at
temperatures around 0 to 32° F, in all cases the failure
passing through scme obvious stress concentration or
abrupt change in section. The ecircumferential and
longitudinal welds have never been the source of any
trouble.

The design of the bumper was subsequently modi-
fied by a sort of extended fillet which deccreased the
abruptness of the section change. This has to date
prevented further failures.

25. Power Shovel Boom and Dipper Stick, Mid-
dlewest, U. 8., January 19195

The boom of a power shovel is the Tong member at-
tached to the frame carrying the dipper stick with its
shovel. In the case in question, the boom was 33 ft
long, rectangular in section, with dimensions of ap-
proximately 16 x 20 in. The section was made of
1/o-in. plate specified according to ASTM specification
A-7, formed in two halves and Unionmelt welded length-
wise down the narrower sides of the rectangular section
with £6012 weld metal. A backing bar is used behind
this longitudinal weld. The assembly is not stress
relieved.

Figure 26 shows a boom which has had the end broken
off. Figures 27 and 28 show the mating fractured sur-
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Fig. 26 Failed power shovel boom. The end of this boom

has broken off
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Fig. 27 Failed power shovel boom showing half of the
fracture surface. Diaphragm plate and one of the backing
bars appear

it

Fig. 28 Failed power shovel boom. showing other half of
fracture. Both Unionmell backing bars are shown

Fig. 29 Cracked dipper stick of 2'/:-in. ASTM A-T plate.
Crack occurred at an abrupt change in section

faces. The weld backing bars are clearly shown. This
failure took place, it is believed, at —20° F. The crack
propagated in and along a transverse butt weld. Fail-
ure was apparently initiated by the proximity of the
diaphragm shown in Fig. 27 as well as a discontinuity of
the Unionmelt backing bar, and poor root fusion atb
one point. Poor impact properlies of the plate and
weld metal aggravated the situation.

Failure of a dipper stick is also reported. This dipper
stick consisted of two rectangular sections, each 2'/s in.
thick of solid plate, ASTM A-7. One section passes
on either side of the boom. Figure 20 shows a fracture
in such a member. This failure was due entirely to an
abrupt change of section, along with cold weather, and
impact loading. There were no welds in the failure
area.
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26. Penstock Anderson Ranch Dam, Boise,
Idaho, Jan. 1, 1950%

The penstock in question consisted essentially of a
15-ft diam pipe inside a 20-ft diam, concrete lined tun-
nel. The material was ASTM A-285, of firebox qual-
ity (formerly A89-43, Grade B), with 0.229, C max,
0.80% Mn max. This specification called for a yield
point of 27,000 psi, tensile strength of 50,000 psi and
usual elongation. An allowable design stress of 13,500
pst was used, and the penstock was figured for a static
water head of 326 ft plus a water hammer head of 94 ft.
The pipe sections were fabricated in the ficld. So far as
it was applicable, the 1943 API-ASME Code for Un-
fired Pressure Vessels was followed. This code calls
for thermal stress relieving for welds on plate over 1!/,
in. thick. In field crection, however, mechanical peen-
ing may be substituted.

Hydrostatic pressure tests were to be performed at
225 psi.  On the third portion tested, when a pressure
of 200 psi was reached, a crack appeared which ran
across three pipe sections having plate thicknesses of
/5 and 19/56 in. The crack was 50 ft long, having
lateral end branches. Two stiffener ring supports,
one at each end of the crack, were also fractured. These
stiffener rings caused the crack to turn at these points.
(See Figs. 30 and 31.) The fracture was through the
plate, parallel to but not closer than 5 in. from a longi-
tudinal weld. The water temperature was 41° F.

Investigation showed no defects in the plates, and
all specifications for the material had been met. The
(racture had apparently started at a repair weld in a
tunnel-welded girth joint. Another small crack radia-
ted from here, and herringbone markings all pointed to

this location. Heavy, irregular beads, applied during
repair, may have provided the notch effect. (See Fig.
32.)

After removal and replacement of the fractured plates
subsequent tests of the system at 275 psi pressure gave
no further trouble.

27. Miscellaneous Failures® 7

Bursting of very old gas cylinders (some of welded
construction) have been reported.™ These containers
were very old, most dating back to the time (circa
1929 and earlier) when all cylinders were periodically
annealed. The steel in many cylinders showed carbide
spheroidization duc to this practice.

Another failure, while not of itself of great engineering
significance, is very interesting.®® A large drum or
cylindrical pressure vessel, 66 in. inside diameter, of
7/1-in. plate, was hit by a car coupler in a wreek at
Windham, Ohio, Dee. 27, 1943. As a result, a large
patech was knocked out of the side, the pieces from the
patch shattering, much like glass. The hole in the
tank is shown in Fig. 33. Shattercd fragmenis are
shown in Fig. 34. The piece shown in Fig. 35 exhibits
soroe of the finest herringbone markings this author
has ever encountered. At 40° F, the material had
Charpy values of 16 ft-1b in the rolling direciion, and 10
ft-lb in the transverse direction.

28. Whelded Steel Stack at a Generating Station,
Chicago, Ill., November 19517

A crack about 15 ft long was discovered in a welded

(Welding Journal 32, 4 April 1963)

Fig. 30 Penstock failure. Proof hydrostatic pressure test produced a longitudinal brittle failure




steel stack that had been in use for about ten years.
It extended through two sections or courses and through
a 4- x 4- x !/-in. T bar between the two courses.  About
31/, ft of crack was in the vertical weld of one course,
then the erack branched out, V shape, into two cracks
in parent metal across the balance of the course. The
erack in the T bar and the other course was vertically
helow the erack in the weld mentioned above and was
entirely in parent metal.

The height of this stack was 177 ft, 8 in. above its
base, with a diameter of 9 ft, 111/, in. inside of plates.
The crack was in #/g-in. plates, from 95 to 110 ft above
the base. The paving brick lining was 4 in. thick with
1 in. of cement between the brick and stack steel. For
ahout two-thirds of its length the crack in the steel was
1/, in. wide, the balance was !/, in., but diminished to a
hairline at the ends. There was also a crack about
/15 in. wide in the bricks and mortar.

In the two weeks prior to the discovery of the crack

there had been a drop in temperature to 12° F. In the
same two weeks, the hourly average wind velocity had
been from 2 to 24 mph, bul maximum velocily was
somewhat higher. The stack had been obscrved to
vibrate when moderate winds had oceurred from certain
directions. Investigation showed the following:

1. The steel in the stack became brittle at low tem-
peratures which existed shortly before the crack was
discovered.

2. There was an increase in hoop stress in the steel
shell due to temperature changes and expansion of the
lining.

3. Wind and design conditions were suitable to
cause oscillation of the stack and thus produce addi-
tional stresses.

The Charpy transition temperature was 20° F for
the course where the crack was entirely in parent

J

(Welding Journal 32, 4 dprid I-{lJL‘?)

Fiz. 31 Penstock failure. The fracture in the shell extended to the stiffener rings in both ends. The resistance of these
rings to the propagation of the crack changed its course



(Welding Journal 82, 4 Aprl 1853)
Fig. 32 Penstock failure

Investigation showed that the fracture
originated at this girth joinl, which had
been welded in place in the lunnel. A
secondary crack, branching off the main
fracilure, indicates a point of stress con-
centration which may have been due to an
undisclosed defect, in the weld repair.

Fig. 33 Fractured drum involved in railroad wreck, show-
ing hole punched in side. Drum is lying in gondola car
and is covered with snow
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Fig. 34 Fragments from fractured drum, showing how
the steel shattered
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metal and 35° F in the course where part of the erack
was in the welded joint.

The steel had heen shipped in 1940 and was 1n accord-
ance with ASTM A-7 specifications.

Analysis showed the steel to have 0.289;, C, 0.509,
Mn, with usual amounts for remaining elements. The
mvestigators believed the steel quality to be a major
contributing factor in the failure, as other stacks of
similar design but different steels were subjected to
similar oscillatory and hoop stresses without failure.

29. Brittle Failures of Gas Transmission Lines,
U. 8. Circa 1948-5172-7

One of the most interesting situations that has come
to light is that of failures on high-pressure gas trans-
mission lines. Pipe for gas transmission lines is now
usually produced under American Petroleum Institute
Standard 5LX,'% first issued in 1948, The allowable
percentage checl chemical analysis is as follows: C
0.3¢ max, Mn 1.30 max, S 0.065 max, P 0.0565-0.110
(depending on method of steel manufacture. Maxi-
mum value is for killed, deoxidized bessemer stecl).
Ladle analyses, taken from the heat, of stecl during its
manutacture, require slighily lower chemistry. The
standard provides [or three strength levels, with yield
strengths and tersile strengths as follows:

Yield Tensile

strength, slrength,

Grade min, psi MIn, pst
X-42 42,000 60,000
X-46 46,000 63,000
X-52 52,000 66,000
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Fig. 35 Fragment from fractured drum. Note the excellent example of herringbone markirgs

Certain values of tenstle elongation are also specified.
How these physical properties are to be obtained is not
specified by Standard 5LX. Mill test pressures, vary-
ing with pipe diamecter and wall thickness, are set forth
in detail.

An excellent description of one method of manufac-
ture of this pipe (presumably the X-52 grade) wus re-
cently published.” In hrief, the pipe is cold formed
from sheet by several press operations. Following this,
{he entire 40-ft length of pipe is flash resistance welded,
without addition of filler metal. Metal extruded from
the flash weld is then trimmed. By mecans of internal
hydrostatic pressure, the pipe is theun cold expanded.
This straightens and rounds it, at the same time raising
the yield strength from about 44,000 psi to a minimum
of 52,000 psi. Too much raising of the yield by cold
working will lower duectility to the point where field
bends cannot be made.

Raising of the yield point by cold expansion also has
an important economic consequence. For instance,
2 26-in. diam expanded pipe, having a 52,000 psi yield,
operating at 7090 psi gas pressurc, has a wall thickness of
0.250 in. An asrolled pipe, with a 44,000 psi yield,
operating under identical conditions, must be 0.288 in.
thick. This 0.038 in. thickness difference amounts to a
weight, difference of approximately 27 tons per mile.
If a cost of $120 per ton is assumed, this means a saving
of $1,500,000 in 500 miles of pipe linc.”

Following cold expansion, the pipes are hydrostat-
ically tested to a stress of 80 or 909 of yield. During
the hydrostatic test, the welds are struck with 6!/»-1b
hammer, placed at 2-ft intervals.™

Installation and allowable pressure in transmission
lines are covered by an American Standards Assn.
Code.™ Under paragraph 807 (C, 1) of this code, in
sparsely populated areas it is permissible to carry a
pressure which stresses the pipe to 729, of yield
strength.®  In more densely populated areas, paragraph
807 (C, 2) allows a pressure which stresses the pipe to
about 509, of yield.

There is not very much published information con-
cerning gas transmission line failures. One short arti-
cle™ describes failures as varying from 180 to 3200 {t
in length. The failures here described occurred on
test, after installation. The cause (presumably the
initiating cause) is stated to be well known—mnamely
gouging or seratching of the plate in transit or installa-
tion. The failures always follow a sine wave pattern,
and look as though there had been an internal explo-
sion.”™ (See Fig. 36.)

A report contained in the Congressional Record™
lists hundreds of pipe-line accidents arising {rom all
causes. The information is necessarily rather sketehy,
and little can be deduced. Of much greater interest is a
report of the Federal Power Commission,™ upon which,

= An optional provision for use prior to official adoption of the ASA Code,
where operation pressure P = 1,44 Ki/D. For electric resistance welded
pipe, K 1s taken as cqual to yield strenpth, ¢ = thickness, D = pipe diame-
ter. Comparison of this cquation with the standard thin-walled eylinder
cquation gives the 72% figure noted above. After adoptiop of the code
other slternative methods are listed for determination of working pressures.
Omne of these provisions allows a working pressure of 80% of stipulated mill
test pressure.  Ag an example, in the case of a pipe mnade under API Stand-
ard 5LX, srade X-52, with diameter of 30 in., and wall thickness of 0 344,
stipulated mill test pressure is 1020 psi.  Eighty percent of this is 815 psi
working pressure. ‘The above formula would allow for this pipe & working
pressure of 860 psi. The 80% provision, therefore, allows the pipe to be
stressed at 68% of yield. The ASA eode should be consulted for details
Clurrent pipe line practice, however, seems to refleet use of the 72% of yield
firure. This ABA code is now heing revised.
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Fig. 36 Failure of a 30-in. zas transmission line, showing

sinusoidal nature of the fracture. The longitudinal

welded seam is seen to be intact. Presumably this failure
occurred on Lest

apparently, the information in the Congressional Rec-
ord is based. Data for the FPC rcport was gathered
from 28 major pipe-line companies. Many categories
of failures are defined, but of particular interest is what
the Commission has termed a “split.” In part, the
report states, “‘a number of failures were reported under
‘split’ pipe. There ave failures of the pipe itself, and
not in the longitudinal weld. . .. Whatever the cause,
where the pipe itsell ruptured, such failures have been
listed under ‘split.”” In addition, the report poiuts
out that some failures in bends may have been “splits,”
but are listed under “bend” along with failures due to
other causes, such as corrosion, ete. A table on the
report then lists a total of 38 splits which oceurred in
operation, comprising 2.2, of all failures tabulated, and
30 splits which occurred on tests, comprising 1.89, of
all failures tabulated. Thus 68 splits occurred. De-
tails concerning these splits are unobtainable, and in-
deed much of the data were probably lost in subsequent
repair and replacement of the pipe. It seems probable
that some of these splits represented brittle breaks, hut
that others did not.

Because of the paueity of available information few
definite statements can be made concerning brittle
pipe-line failures. Apparently no technical details on
any specific accidents have been released. Some in-
teresting speculations may be made, however. One
speculation concerns field welding to join sections of
pipe. With the upper limits of chemistry allowed under
API standard 51X, it is possible that trouble may be
encountered in field welding of girth joiuts, in that hard-
ening and cracking might oceur in the heat-affected
zone. Secondly, the probability of failures initiated by
gouging, as described above,® is a likely one. With
all the handling that is required in the field installation
of transmission lines, many possibilities arise for the
introduction of defects that will serve as notches for
initiation of brittle failure. The effect of the cold work
and high chemistry in raising the ductile-to-brittle
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transition temperature will be considered under Discus-
sion (page 38).

A last speculation concerns the rate of crack propa-
gation in steel versus the rate of pressure release in
natural gas (methane) following a pipe break. The
gas pressure will be released by an elastic wave traveling
at the speed of sound, approximatcly 1300 ft/sec. This
figure is not affected by pressure, and assumes an ideal
gas. Secondary compressibility effects (departure from
ideal behavior) will not change it greatly.

In brittle fracture the steel is elastic to failure, A
fairly recent” mathematical analysis considers a mov-
ing crack in an elastic solid. This analysis was per-
formed for glass, but since the physical assumptions ap-
pear 10 be valid for the brittle failure of steel, it sheds
light on the situation. In brief, it examines the behav-
ior of a straight crack traveling at a velocity V, in a
direction normal to the maximum tensile stress. If C,
1s the velocity of propagation of an elastic shear (Lrans-
verse) wave in the material, there ocours at about 0.6 C,
a critical velocity at which the crack tends to curve.
At a velocity lover than 0.6 C, the crack travels in a
straight line. As the speed increases, the crack may
(but not necessarily) form branches. The original
analysis concerns itself with a medium which is
isotropic. In steel pipe the anisotropy may be of
just the type required for the prevention of branched
cracks. At velocities higher than 0.6 Cs, each branch
teuds to curve. For steel, the value of C,, velocity of
propagation of a shear wave, is approximately 10,000
ft/sec.*

For purposes of this analysis it may be considered
that a pipe line is stressed in one direction only (tan-
gential), and is of infinite length. A brittle crack, ap-
proaching a velocity ol about 6000 ft/sec will thus tend
to curve. This in itself may alter the stress field, per-
haps slowing the crack, which will then tend to again
run normal to the maximum tensile stress direction.
The process may then repeat itself, resulting in a sinu-
soidal fracture. If the action sets up a symmetrical
shear wave, this would keep the crack from spiraling
the pipe. This repeating action would also limit the
average crack speed to about 6000 [ps If a hranch
crack is formed, then it may also behave in the same
manner, resulting in perhaps more than one sinusoidal
split.

Expcrimental values of 2750 to 3680 fps in one case,™
and up to 6600 fps in another case,® ¥ have been meas-
ured in brittle fracture of steel in the laboratory.  Thus
it appears that the gas discharge pressure wave will
never catch up with the brittle erack. The tip of the
crack is always traveling in a stressed area. This would
account for the long breaks described above. As be-
fore stated, no published technical details of accidents
are available to corroborate these speculations.

Field testing of pipe with water might tend to pre-
vent long breaks, inasmuch as the velocity of an elas-
tic wave in water is about 4800 fps. In the Anderson

* O = +/@/p where @ = modulus of rigidity, p = density in magy units.



Fig. 37 Failed methane column

This shows the area abont the upper 8-in. nozzle, where the defeetive
weld was found between Lhe nozzle wall and shell plaLe.  This is located
at the left edze of piece 32 joining piece 200.

Fig. 38 Failed methane column

Fdges of pieces 32 and 200 were folded back to show the defective
weld. The 7/1n~|n vhell plate was nol fused to the nozzle wall for a dis-
tapce of 3 to 4 in.  This weld was ecovered by a reinforcing ring fillet
welded to nozzle and shell.

Ranch Dam pensiock failure,® however, a 50t long
crack appeared in a hydrostatic test, and appears to
have been stopped only because of the deflecting action
of stiffener rings.  Gas lines have no stilfener rings, and
it is a matter of speculation as to how far the penstock
crack would have traveled had the design been dif-
ferent.

30. Metlhane Column, Eastern U. S., 10:55 A.M.,
Jan. 29, 19145'%

This methane column was 43 {t high, 3 ft 7 in. ID,
fabricated of firebox quality carbon steel plate. The
shell was 7/45 in, thick, with five courses joined by oxy-
acetylene welding, The bottom consisted of a dished
head, also 7/4s in. thick, while the top head was flat,

made of 3!/in. plate. Following fabrication, the en-
tire structure was annealed at 1100° F. The column
was installed in 1930. The design stress was 6100 psi,
with a gage pressure of 125 psi. The normal operating
temperature of the column was —110° C at the top,
and —70° C at the bottom. In May 1930 the vessel
had been hammer tested while it contained a pressure
of 159 psi. It was then tested at 250 psi with water and
188 psi with air. In 1939 the 250 psi hydrostatic test
was repeated. Presumably, all these tests were at
atmospheric temperature.

When this structure failed, 15 years after its installa-
tion, the steel shell broke into 125 fragments. All
fractures had a brittle appearance, with no indication of
reduction of arca or elongation along the fractured
edges, Following failure, a defective area was found in
the weld of an 8-in. nozzle located near the top of the
column. (See Figs. 37 and 38.) In addition, a second
faulty weld was also noted in the liquid line near the
bottom of the column. (See Fig. 39 and Fig. 40.) These
defective welds were located in or near the areas of great-
est stress.

In subsequent examination, the chemical composition
of the steel was found to be within the composition
limits for such steels, namely, C 0.159; max, Mn 0.35-
0.60%, P 0.0359, max, 5 0.04%, max. One line at-
tached to the column, however, was found to be of
Bessemer quality. In addition, tensile and noteh im-
pact tests were performed at room temperature and at
temperatures down to —120° C. Tensile properties
were quite normal, with the strengths increasing as the
temperature was lowered, as would be expected. Izod
impact values varied from 39 to 59 ft-1b at room tem-
perature down to 1-3 fi-lb at operating temperatures.
It was decided that the strength and duetility of the
steels were normal in every respect, and that no ap-
parent embrittlement had occurred sinee the column
was placed in service.

Fig, 39 Failed methane column

Faulty weld between 8-in. tube and pipe. Note lack of penetration
and fusion at inszide of joinl. This was near the liquid line near the
bottom of the column.
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Fig. 40 Failed methane column

This shows break arvund another $-in. nozzle which was a vapor
connection near Lhe bottom of the column. This opening was unrein-
foreed, bnt none of the wolds were broken as occurred in Lhe Ltop 8-in.
nozzle.

Various investigators concluded (in part) that:
(1) there was no evidence to indicate an explosion, since
907, of the fragments were found in a heap at the base
of the column, and no appreciable damage was done to
the structural steel supporting the shell. (2) Unfavor-
able factors were the notches present in the defective
welds, and stress raising effects produced by side con-
necting openings. While the examination did not show
definitely that either one of the defective welds triggered
the failure the opinion was that they played a signifi-
cant part. (3) The exireme notch brittleness of the
steel at the operating temperature was most important.

In addition, several investigators believed that fa-
tigue failure of the defective welds may have transmit-
ted sufficient impact to the column to have caused the
catastrophic fracture of the structure. While no data
were presented as to the alternating stress conditions
present, it is the opinion of this author that there is
much evidence to show that brittle failure may readily
take place in the presence of a notch, under static load-
ing conditions.

DISCUSSION

1. Background of Early Research

From the foregoing histories it is fully demonstrated
that brittle failure of steel structures is not of recent
origin nor did it begin with the advent of welding. It
is well to point out that research in brittle failure and
notch brittleness is not new either, In 1884, Tetma-
jers® carried out repeatcd-blow impact bend tests on
notehed T-beams. In the United States, S. B. Russel
published in the Proceedings of the American Society of
Civil Engineers for 1897%' an account of a new impact
testing machine. Two years later, in the FEngineering
News®2 appeared an account of further work by Russel.
This account concluded that the shock resistance of
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mild steel could not be predicted from tensile strength
and elongation, and that in time impact tests of the
sort demonstrated by Russel might become valuable in
judging the quality of structural steel. Charpy® de-
veloped his pendulum testing machine in 1901 on an
extension of Russel’s idecas.

In all of this carly work, however, all of the testing
methods used to reveal brittleness employed impaet
loading. This supported the opinion, widespread even
to fairly recent years, that brittle fracture in steels re-
sulted from impact loading. It was, however, known
that if a specimen coutained a sharp and deep notch,
brittle fajlure could then be induced by slow bending or
slow tension. A. Mesnager,? ¥ making use of this
observation, in 1906 developed the theory of triaxial
tension in notch brittlencss. A lengthy discussion of
the history of noteh bar testing is not within the seope
of this survey, however, and for further details the
reader is referred to the monumental review by Fett-
weis,® which includes a bibliography of 700 references.
For a concise development of the theories of brittle
failure sec a monograph by E. Orowan.®

2. Riveted Structure Failures

The carliest failures of riveted structures deseribed in
the present survey, Cases 1-3 inclusive, occurred in
1886, 1898 and 1904, respectively. Research work on
notch-bar testing was developing over just that period,
and though the members of the British Iron and Stecl
Institute, as before noted, had complained of brittle
failures, in 1879 the practicing engineer seemed to he
totally unfamiliar with the phenomenon. All three of
these failures occurred in the colder part of the year,
In all three cases the fractures were described as brittle
or glasslike. Hard and brittle steel was suspected as
the cause. In two cases, investigation of chemical
composition aud tensile strength was urged. In Case
3 the failure was correctly related Lo the cracks radiating
from the punched-out rivet holes. This tank had stood
seven years before failing, whereas the other two had
failed during acceptance tests. The remaining failures
of riveted structures occurred in one molasses tank and
nine crude oil storage tanks, anywhere from 1 to 16 yr
after erection.

Of particular interest is the fact that, in at least three
cases of failures in riveted structures, the crack appears
to have crossed one or more rivet joints in its passage.
This is particularly noted in the accounts of Cages 1 and
6. At this late date the exact details of the crack paths
are totally unavailable. A comparison with recent
ship failures is of interest, however. Modified practice
in the construction of welded ships requires the inclusion
of several riveted, longitudinal crack arresters. These
are similar to the butt straps used in nonship riveted
construction. All plate welds terminate at a slot be-
hind these arresters, Of the approximately 250 vessels
which suffered serious failures, 77 werc equipped with
arresters. Of these 77 ships, 25 casualtics did not in-
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Fig. 41 Diagram of hull crack that crossed ship arrester
in a nearly straight line. The arrester fracture is along-
side the crack which crossed
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Fig. 42 Diagram of deck crack that crossed ship crack

arrester. Entering and outgoing cracks were separated

by 15 rivet holes. The arrester strap failed in shear in
between

volve the arresters in any way, and 46 casualties in-
volved eracks which were stopped by crack arresters.
The remaining 6 vessels had cracks which restarted on
the other side of crack arresters, the crossing of the
arrester not necessarily being in a straight line. In
some cases, there were as many as 25 rivet holes between
the end of a erack on one side of the arrester and the
start of a new crack on the other side of the arres-
ter.t® 13 Tt ig possible therefore for a brittle failure to
propagate across a rivet joint. Obviously, though,
crack arresters in ships have been efficacious in prevent-
ing a large number of cracks from propagating to dai-
gerous size.

The crossing of an arrester by a crack seems to take
place by either of two mechanisms: (@) The incoming
crack stops at the edge of the slot or at a rivet hole;
the outgoing crack propagates from a notch on the
other side of the slot, while in the meantime the strap
fractures in cleavage or in shear. (b) The incoming
crack is stopped, but a crack propagating on the other
side in the opposite direction reaches the slot; finally
the strap fails.?¥? This second mechanism is not really
a phenomenon of “crossing,”’ but rather perhaps a ter-
mination of failure. There is every indication in the

foregoing cases of ship failures that there was a time
delay in the crossing of the arresters. Eye witnesses
report that the delay varied from one second, in one
case, to several hours in another.''”

Figures 41 and 42 show plotted diagrams of the path
of eracks across ship arresters. One crossing shown is
in nearly a straight line, with the arrester fraciure
alongside, The other crossing shows a considerable
distance between the entering and outgoing cracks.
Figures 43 and 44 are photographs of cracks that erossed
arresters.

3. Comparison of Failure Incidence for Welding
Versus Riveting

Turning from riveted structures to welded structures,
failures in the latter seem to have occurred more fre-
quently, This may be a totally deceiving conclusion,
however, sinee 1o basis for comparison exists. Strue-
tural methods have changed greatly in the intervening
years, different types of materials are used, and no
doubt many more welded structures are now in being
than ever were built using vivets. In the past, further-
more, as has been pointed out, brittle failures have prob-
ably often gone unrecognized. In short, the sample ex-
amined in this survey is too small to permit of any sta-
tistical conclusions. For speculative comparative pur-
poses, however, a recent excellent article®® furnishes
data on riveted versus welded ships. About 6000 ships
built between 1938 and 1948 are used as 4 basis. Since
1038 there have been about four times as many welded
ships built as ships with riveted hulls or decks. Data
presented show that for the same material, and essen-
tially the same quality of workmanship, both the [re-
quency and severily of fractures in ships increased as
the amount of welding increased. This fact must
however, be considered against a background of war-
time urgency in ship production.

4. Effect of Thermaual Stresses

In 11 cases of welded failures here reported there had
heen a sharp atmospheric temperature change just
prior to fracture. (This was true in five riveted struc-
{ures also.) Two of these changes were rises to 30
and 10° T, still within the brittle transition range of
many structural steels. The remaining changes were
temperature drops. As would be expected, no data
seem 1o be available on thermal stresses in tanks and
pressure vessels. These stresses seem to be important
in some degree, however. In ships™ several shell fail-
ures occurred in tankers when oil in the tanks was being
heated. Also, a small coastal vessel suffered a fracture
in cold weather (0° ) when launched mto warmer water
(32° T"). Refrigerator ships have had trouble in lo-
cations where all-welded decks were exposed in refriger-
ated (15° F) areas. Studies of thermal stresses in
ships have been undertaken® ¢ but of course results
cannot be applied directly to the problems of pressure
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vessels, storage tanks and other nonship structures. In
oil storage tanks containing warm liquids a sudden
cooling of the exterior will obviously cause tensile
stresses in the shell, and where the tank rests on warm
ground, even further restraint will he induced. Thermal
stresses in pressurc vessels containing gases, or thermal
stresses in bridges are probably more complicated and
related to the rigidity of the structure. The failure of
three empty tanks (Case 22) following a temperature
drop is harder to explain, but may be related partly to
the resistance to thermal cont ‘action furnished by frie-
tion between the bottom and the warm ground. It is
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43 Crack in ship plate which crossed an arrester in nearly a straig

this author’s opinion that thermal stresses in themselves,
without additional factors (notches, defects, etc.) are

probably not too important. The point bears further
investigation.

5. Effect of Residual Stresses

On-the-spot investigators blamed residual stress in
eight cases of nonship failure. Following the failure of
the tanker Schenectady at dockside in January 1943,
much controversy was stirred up over the role of residusl
stress in brittle failure.®* Since then, however, many

ht line




investigations have been performed to evaluate residual
welding stresses in the butt welding of ship plate and
locked-in stress™ in ship assembly. Moreover, enough
work has been done to show that the residual stresses
in welds performed on fairly sizable (4 by 6 ft) plates
will give good indications of stresses found in much
larger structures.® In addition, the results of ship
investigalions indicated that the basic welding stress
patterns were practically the same regardless of the
type of ship or where it was built.”? Thus results of
these investigations can probably be directly applied to
nonship plate struetures, at least in qualitative fashion.

When a weld bead is laid down, the deposited metal
solidifies and shrinks. It would thus be expected to be

in a state of tension, This is in fact the case. Resid-
ual longitudinal stresses approaching the yield point in
tension have been measured along the length of the
centerline of butt welds in ship plates.? % W Values
of transverse stress across the weld are low, about 2000
1o 10,000 psi in tension.” % These results are found
in tests performed on both actual ships and smaller
plate samples. Stress values measured in automatic
TUnionmelt seams were found to be more uniform than
those measured in hand-welded seams, otherwise the

# In ship reports it has been customary to define residual stresses as those
resulting from the welding of unrestrained members. Locked-in stresses
have been defined as including residual stresses, and stresses resulting from
other assembly and fabrication procedures.

Fig. 44 Crack in ship plate which crossed an arrester, with spacing between the entering and outgoing crack
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the stress levels were similar.®® Naturally, a compres-
sive gtress must exist in the parent plate.  Such stresses
were found to vary up to 10,000 psi in compression
about 4 in. from the weld and parallel to it.%

In unrestrained butt welds up to about 20 in. long in
ship plate the maximum residual longitudinal siress
1s a function of the weld length. For welds longer than
20 in., this stress is zero at each end, rises to a maximum
about 10 in. from ecach end, and remains constant
throughout the remaining length of the weld. Regard-
less of length the transverse residual stresses are simi-
lar, being about 3000 psi compression near the ends, and
about 10,000 psi tension in the central portion of the
weld.¥” Residual stresses in welds can be decreased
somewhat by block or stepwise welding sequence.®%
The use of austenitic electrodes will also reduce weld
residual stresses slightly, but not enough to offset the
cost.%® :

An additional factor cnters, that of residual stresses
remaining from the rolling or forming of plate. In one
case rolling stresses in ship plate were found to approach
4000 psi in tension at the center of the plate, and 6000
psi compression at the faces, %

The next question to be considered is the relief of
residual stresses in service. Does the stressing of a
pressure vessel in service, or the loading and unloading
of a bridge in traffie, for instance, cause yiclding and
relief of residual tensile stresses in a weld? The prob-
lem remains largely unanswered for nonship structures.
In only one nonship structure (the Hasselt bridge) have
residual stresses been measured. Values from 14000
psi up to the yield point were found, depending on the
Investigator.®® 4% 8 In ships it has been found that
the magnitude of locked-in stresses is not materially
reduced by the working of the ship at sea.’® " Thus,
since all welded ships contained locked-in stresses, and
these stresses are not reduced in service, and since only
a fraction of ships suffer casualties, locked-in stresses
are not, by themselves, the prime cause of ship fail-
ures. !t 12 ]ikewise, most nonship structures continue
to stand undamaged. Thus the statement of the inves-
tigator® (in reference to the Vierendecl failures) that
residual stresses have no importance if the welds are
sound has a good deal of truth in it.

In structures where defects exist (cases 7-15, 18,
20 and 21 for example) residual stresses must be reck-
oned with as being able to initiate failure, either by
themselves or, as is more likely, in combination with
other factors. The failure of three empty oil tanks
(Case 22) as exemplified in Fig. 15 could have been ini-
tiated only by the presence of high residual stress in the
weld. Undoubtedly, however, the full role of residual
stress in helping to cause failure is not fully understood,
cven though there is evidence to show that stress relief
will improve performance of materials in some meas-
ure.10?

6. Effect of Metallurgical Variables and Chemi-
cal Composition of Plate

Fettweis,® in his 1929 survey, reports the results of
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early research workers concerning the effect of composi-
tion and cold work on notch toughness. The earliest
of this work goes back to 1905. More reeent work has
confirmed, enlarged and established in much more exact
fashion the facts known then.

For stecls which are otherwise generally similar, a
fully killed steel will have a lower ductile-to-brittle
transition temperature range than a semikilled steel.
Similarly, a semikilled steel has a lower transition range
than a rimming stecl.?% % Ag can be seen from the
failure histories, rimming steels had been used in at
least 18 cases. In Casc 14 the use of a semikilled steel
did nol prevent initiation and propagation of brittle
failure. In Case 15, a crack running in rimming steel
crossed a weld and continued through semikilled plate.
Both of these cases were spherical pressure vessels. It
cannot be implied, of course, that the use of killed
gteel will prevent failure.

Increasing ferritic grain size will raise the transition
temperaturc range.1 96 Tn a very low carbon steel
(0.029,) an increase of one ASTM number in ferritic
erain size was found to raise the transition temaperature
range by 30° I  Normalizing lowers the transition
rangel® 119 by reducing the grain size, but slow cooling
after normalizing will raise the transition tcmpera-
ture, ag will an increase in plate thickness. 105 11 A
lower finishing temperature in hot rolling also lowers the
transition temperature,’'* no doubt because of a finer
grain size.

A very careful assessment ol the role of individual
chemical elements was performed at the Naval Re-
search Laboratorics.!® Special heats of killed stecl
were made. A hase composition of 0.30% C, 1.009,
Mn was used, and all specimens had a coarse pearlitic
microstructure. Transition temperatures were meas-
ured by the intersection of the average energy line with
the energy-temperature curve. For variation of indi-
vidual elements, the following shifts in the transition
temperature were found:

Al oo Lowers, then no change. I’robably acts by de-
creasing the grain size, deoxidizing or tying up
N.

B Increases, rapidly and regularly.

C........... Increases 5° I per 0.019% below 0.30%. Increases
6° F per 0.01 % above 0.30%,.

Cro... . ... Little effect,

Cu. ....... Raises slightly and decreases maximum energy.

Mn......... Decreases, up to 1.5%, at approximate rate of

1° F per 0.01%. Amounts smaller than 0.309,
were not studied.

Mo..... . Increases, almost as rapidly as C, and decreages
max cnergy

Ni.......... Slightly beneficial up to 1.80%.

P Increases, at rate of 13° T per 0.01%.

B Induces laminations, and in such cases increases
the energy to failure.

Sl ..Increases, at rate of 1.25° F per 0.01%. (This
was later found to be valid for greater than
0.25% Si only. Below this figure Si decreases
the transition temperature. See Relercnoe
112.)

T, V........ First increases, then lowers. This may be because

of the effeet on carbides.



There was some additivity noted in the above figures.
Another investigation, using semikilled steels, quali-
tatively confirms many of the above findings.’!* This
latter work was performed on American Bureau of
Shipping Class A and B steels. Nitrogen has also
been found! to raise the transition temperature, but
there is indication!?! that its effect may depend strongly
on other variables.

The foregoing work!® also considered the effect of
the manganese and carbon together, and found that a
high Mn/C ratio in itself will not lower the transition
teaperature. As an example, for two steels with the
same Mn/C ratio of 1.5, a 0.67% C steel had a transi-
tion temperature of 232° F, while a 0.27%, C steel had
a transition temperature of 65° F. Other research!!?: 1%
work on the effect of the Mn/C ratio also indicates that
a high ratio will of itself not necessarily promote a low
transition temperature. There is, however, evidence
to show that high Mn may be as efficient as grain re-
fining in lowering the transition range, despite the fact
that the grain-refined, low Mn stee] may have a finer
ferritic grain size than the steel with the higher Mn
content.!® One investigation, however, has found
that a high Mn/C ratio is of importance in lowering
the transition temperature. 1" 110

In an investigation of fractured ship plates!? at
the National Bureau of Standards there was no readily
evident relationship between failure incidence and the
Mn/C ratio. Of all these plates, however, only one had
amanganese content higher than 0.60%. This same in-
vestigation showed that for source plates (i.e., plates
in which a fracture originated), the range and average
value of carbon conient was higher in each plate thick-
ness group than for nonsource plates.

This same report!!? tentatively proposed a formula
for the calculation of the 15 ft-lb transition tempera-
ture. Of 113 ship plates 969, had transition tempera-
tures less than indicated by:

Max 15 ft-1b transition temperature, ° F = 100 -+ 300 X
o7,C + 1000 X %P — 100 X 9oMp — 300 X %St — 5 X

fracture grain size number

This formula, however, is not applicable for composi-
tions including more than about 0.35%, carbon, 0.10%
phosphorus, 0.25%, silicon,0. 259, copper or 0.29, mo-
lybdenum, chromium and arsenic combined, which may
raise the transition temperature above the limit indi-
cated.

The method of determining fracture grain size is sim-
ilar in technique to the Shepherd method (Metals Hand-
book, 1948 ed., p. 405) for determining austenitic grain
size. The fractured surfaces of Charpy bars, broken
at a temperature low enough to give an almost com-
pletely brittle fracture, were compared with the frac-
ture surface of standards for which the ferritic grain
size was known. Assuming that the austenitic grain
size is equal to the ferrite (plus pearlite) grain size in
steels of this composition, it is then possible, using
Shepherd’s correlation between austenitic grain size and

fracture grain size number, to assign a fracture grain
size to each of the standards, and hence, by comparison
with the standards, to each Charpy specimen of frac-
tured plate.'®

In view of the above, it would seem that the practice
of using rimming steels in the past may have contri-
buted to brittle failure in some cases. It also indicates
that the practice of using higher carbon steels, either
inadvertently, or deliberately to obtain high strength,
may also have been contributory. This last may be an
important factor in gas line failures. Similarly, high
phosphorus is equally damaging. As noted in Case
29, it is permissible, in the manufacture of gas lines, to
use steel with 0.349, C and 0.1109% P. In general, the
use of a high manganese content is to be recommended,
but it should also be borne in mind that manganese is
one of the most effective single elements in promoting
hardenability (i.e., ease of forming martensite on cooling
from above the critical range). Consequently, hard-
ening and cracking can result following welding if the
manganese content, in conjunction with the carbon
content, is too high. Such eracking can serve to initiate
brittle failure.

In the failure histories here reported, for structures in
which the chemical compositions were known, the
carbon contents varied from 0.099 C up to as high as
0.40%, C, often with considerable variation within a
single structure. If anything, this latter fact indicates
lack of attention in the past as to stecl compositions, at
least insofar as the effect of composition on possible
brittle failure is concerned. Manganese contents var-
ied, in these failures, from very low values all the way
up to 1.709%. It is interesting to note in Case 24 that
the failure occurred with one of the lowest carbon con-
tents and highest manganese contents considered. This
points up that while composition is important, it is not
the sole controlling factor. It also indicates that brittle
failure can occur in service with a Jow-alloy steel at
ambient temperatures.

7. Effect of Cold Forming

Cold forming of steel plate is a necessary part of the
fabrication of almost all engineering structures. Two
interesting pieces of work!™ 1* have been performed
on steels commonly used for plate structures. These
steels were ASTM-201 (killed) and ASTM A-70 (now
A-285 rimmed). It was found that a tensile strain of
19, in the rolling direction raised the upper end of the
keyhole Charpy transition temperature by about 20° F
for the killed A-201, and by about 60° F for the rimmed
A-70.1" The large difference is probably due to the
great susceptibility to strain aging in the rimmed steel.
Normalizing at 1600° F consistently restored ductility
and lowered the transition temperature. Heating to
1150° F was not consistently equally effective. Heat-
ing at 500 or 800° F only worsened the situation, pre-
sumably because of the strain aging.'” Straining lo
209, in the rolling direction raised the upper end of the
transition range by about 80° F for both steels.''
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Thus the initial cold working is most damaging in this
rimming steel, so far as raising the upper transition is
concerned, and more cold work has only a little more
effect. In the killed steel, however, the upper transi-
tion is raised steadily and continuously by increasing
cold work, 17

No data seem to be available on the effect of cold
forming on the transition temperature for steel taken
from failed nonship structures. Even so the implica-
tions of the foregoing research work are clear. The
work was performed on only two steels, and generaliza-
tion of the results might bhe considered an overoptimis-
tic extrapolation of the data, Nevertheless, extensive
cold work, it seems, will tend to contribute to suscep-
tibility to brittle failure. Qutstanding examples of
such cold forming in practice are the fabrication of pipe
for gas lines, or the severe cold forming of pressure
vessel heads.

8. Effect of Welding Processes

As shown by several laboratory investigations, 192~ 1%
welding in itself contributes many metallurgical vari-
ables to the state of the metal in the weld and in the
heat-affected zone. Moreover, behavior of the as-rolled
plate gives no evidence of characteristics in the welded
material, 1%

However, practically no dala are available from failed
nonship structures as to the details of welding proce-

dures, such as types of rod, speed of welding, weather
conditions, etc. As a consequence it is impossible to
assess the role of metallurgical variables, resulting from
welding, in the initiation of brittle failure.

In the case of five Russian oil tanks (Case 18) the
tanks were erected and welded in extremely ecold
weather. Thisis known to produce weld deposits having
reduced duetility and toughness. The practice is not,
permutted by present AMERICAN WEeLbpine Sociery
Codes. In Case 12, the Zoo and Rudersdorf bridges,
lisht welds on heavy plating, with consequent quench
cooling, were no doubt a factor in failure.

9. Notch Bar Impact Values in Failed Plates

In the ten cases where data are available for plates
from failed nonship structures, the Charpy or Izod en-
ergy values are seen to be quite low at the temperature
of failure. Iixamination of Table 1 shows the following:

(@) Tn 4 cases, the impact energy value at failure
temperature was below 5 {t-lb.

(» In 2 cascs, the impact energy value at failure
temperature was below 10 ft-lb.

(¢) In 2 cases the impact energy value at failure
temperature was below 15 ft-1b.

(d) Inthe remaining 2 cases the data are not in such
form as to show the energy at the failure temperature.

No attempt at statistical interpretation can be made
of so small a data sample. It seems to be in line, how-
ever, with data obtained in the investigation of fractured

PLATES CONTAINING SQURCE OF FRACTURES WHICH OCCURRED IN SERVIGE
HULL PLATES 0.44°-0.63" 3 PLATES I:?:I RANGES OF FAILURE TEMPERATURES: 40°-58°F
MULL PLATES 0.70"-080" & ﬂ__EEE:I e oib. enERGY 37 - 58
MORE THAN 10 FT -1, G
ABSORBED. 2 OUT OF 22 PLATES = 9.1%

HULL PLATES 0.81"- 1.27° 8 Uﬁ[[:l 34+ 66
MISC. PLATES O.41"- 150" 8 Eﬂ:l I 10 FT-L8 ULNE 20- 38
PLATES WHICH FRACTURED THRU IN THE SERVICE FAILURES
HULL PLATES 0.44"-0.88" IS PLATES C:]Elﬁ]:ﬂ'____j 0°-78°F
HULL PLATES 0.T0"-0.80° 12 EID__:BI]:I_'I - fr-Lh. ENERGY 24 - 60

MORE THAN [0 FT.-LA, ENERG
ABSORSED: |13 OUT OF 4] PLATES - 32%
HULL PLATES 0BI"- 127" 10 EEI&EED 20- 43
WISC. PLATES O.4I°- L50" 4 Df_:]J 32 - 54
PLATES INVOLVED IN SHIP FAILURES, CONTAINING END OF FRACTURE OR NQ FRACTURE
0
HULL PLATES 0.447-0.69" 9 PLATES — | N 1 N S D 1 | 0*-6T°F
MULL PLATES 0.70°-0.80" & [:Eﬂ:[:l 32-70
MORE THAN 10 FT.-L8 ENERGY
:j& o ABSORBED: 21 OUT OF 30 PLATES = T0%
HULL PLATES O0817-127" & 37 - 66
ENIE& NQ FRACTURE
NISC. PLATES O.41".150" 7 JE 1 ] 30 - 49
0 5 10 15

25 30 35 40 45 50 55

ENERGY ABSORBED AT FAILURE TEMPERATURES, FT.- LB.

Fig. 45 Relation of energy absorbed by Charpy V-notch specimens at the temperatures of the ship failures to the nature of

the fractures in ship plates.

(Frem M, L. Williams, et al., Ship Structure Committee, NBS-3, “Investigation of Fractured

Steel Plates Removed from Ships.””)
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(1)
Clase no.
and year
1 1886
2 1898
3 1904
4 1919
5 1925
6 1918-

33
6 1933
6 1932
6 1933
6 1937
6 1933-
34
6 1034-
35
6 1934
7 1943
8 1938
9 1940
10 19490
11 1941-
50
12 1936
12 1938
13 1951

(¢}
Structure
Standpipe
Gasholder
Standpipe
Molasses
tank

Crude oil tank

Crude oil tank, 1
Crude oil tank, 2
Crude oil tank, 3
Crude otl tank, 4
Crude oil tank, &

Crude oil tank, 6

Crude oil tank, 7
Crude oil tank, 8
Oil tank

Hasselt Vierendeel
truss bridge

Herenthals Vieren-
deel truss bridge

Kaulille Vierendeel
truss bridge
14 bridges

2 Zoo bridges

Rudersdorf bridee

Duplessis bridge

Table I~Condensation of Nonship Brittle Failure Data of Ingineering Structures

()

Details of
structure
Rivet 225 ft high x

16 ft diam
Rivet 42 ft high x
178 {t diam
Rivet 80 ft high x
40 ft diam

Rivet 50 ft high x
90 ft diam

Rivet, weld 42 ft
high x 117 ft
diam

Rivet, weld 55,000
bbl capacity

Rivet, weld 55,000
bbl. eapacity

Rivet 42 ft high x
171 £t diam

Rivet 42 ft high x
171 £t diam

Rivet 40 ft high x
120 ft diam

Rivet 40 ft high x
120 ft, diam

Rivet 42 1t high x
117 ft diam

Rivet 40 ft high x
120 {t diam

Rivet 30 I high x
114 ft diam

Welded plate 245-fi
span

Welded plate 200-ft
span

Rolled sections 160-
it span

Welded girder

Welded girder, 17
spans totaling
3280 ft

Welded, continuous
plate girder deck,
six 180-ft spans
and fwo 150t
spans

4)

Age ag
Jailure
Acceptance

Acceptance

73T

3 yr

1to 16 yr
16 wr

G yr

10 yr

4 or & ¥yr

About 3 yr

3 ¥r

5yr

3 and 4 yr

{5)
Weather condilions
or time of year
October
December

November

January

Temperature drop
64° F in 24 hr

Yery cold

—4°

Sudden femperature
dropto —18° F

Drop to —30° F

Sudden temperature
drop te —22° F

Winter

Winter

Sudden temperature
drop to —20° F

Winter

Quite cold

7°F

°F

Low temperature a
cause in § cases

Sudden temperature
drop of 10° C

—30°F

(6

Charpy, fi-lb

5at0° F, 1-2 at

—25°, —-50° 1
5atD°F, 1-2at
—25°, —B0° F

Upper fransition

varied from
—40 to 68° F

Flange, 3-6 al

+100° IF

(7
Type of steel or
partial chemical
analysis, %

Rimming steel

St-52

(8)

Details of fatliure
Crack ran up 20 ft. Must have
crossed rivet joints,
Fracture through body of plates.

Tore through rivet holes, Many
small cracks radiated {rom
holes.

Fractured through manhole.
Cracks radiated from rivet
holes. Low safety factor.

Second course torn from frst.
Sheets torn up to rool.

5 minor failures. Cracked plates
and angles,

Failure started in weld angle
going through plate.

Crack started at bottom, through
2 courses crossing riveted joint

Manner similar to Tank 3.

Split in first eourse.

Crack extending through lower
course, through rivet joint and
into next course.

Several cracks in sheets on vari-
ous oceasions.
Complete failure. No details.

Crack in welded patch.

Poor welding, high residual stress.
Cracks starting from welds.
Forcing of alignment in erec-
tion, Steel not susceptible fo
hardening in welding. Rim-
ming steel,

Same as for Case 8.

Same as for Cases 8 and 9.

All rimming steel. Full details of
surrounding circumstances not
giverl.

{Cracks in web and flange radiat-
ing from fllet welds, due to
hardening and residual stress.

Same as Zoo bridge, stiffeners re-
sulled in even more residual
siress.

Material ordered to ASTM A-7,
but, flange steel found later not
to meet specs.  Cracks present
in girder before bridge sections
left shop.

()

Faifure
Complete
Complete

Complete

Complete

Complete

Partial
Partial
Conmplete
Complete
Partial
Partial

Partial
Complete
Partial

Complete

Partial

Partial

Not known

Partial

Partial

Partial and
complete




e
(1)
Case no.
and year
14 1943
15 1943
16 1944
17 1944
17 1944
18 1947
19 1947
20 1950-
51
21 1952
21 1952
22 1952
23 1951
24 1952
25 1949
25 1949
26 1950
27

(2)

Structure

Spherical pressure
vessel

Spherieal
vessel

pressure

Spherical pressure
vessel

Cylindrieal pressure
vessel

Spherieal
vessel

pressure

5 oil tanks

Crude oil tank

Gil tank

Crude oil tank

Gas oil tank
3 oil tanks

Water tank

Dipper stick

Boom

Dipper stick

Penstock
Miscellaneous
Items: Old gas

cylinders and a
tank

(8)

Delnils of
structure
38.5 {t diam, welded

Welded, 40 ft diam

40 {t diam

42 ft high = 70 [t
diam, insulated,
to operate at
—260° F

57 ft diam, insu-
lated to operate
at —260° I’

Welded, 160,000 cu
It eapaeity

Welded 48 ft high
x 120 ft diam

Welded 10,000 cu m
capacity
felded 54 ft high
x 140 [t diam

Welded 150 ft high
x 48 ft diam
Welded 45 ft high
x 144 {t diam

Welded 30 ft high
x 144 Tt diam

Welded tube, 20 in,
diam

Welded, rectangu-
lar 16 by 20 in.

21/,-in, solid plate

20 ft diam, welded

(4)

Age at
Jazlure
3 mo

3yr

Acceptance

Acceptance

New

11 yr

Acceptance

Table 1—{Continued}

(6
Weather conditions
or time of year
Temperature rise of

27° F in 7 hr,

Tewperature 7° F
at failure

March
Temperature  rose

Irom 19° F right
before to 30° F

Temperature  sud-
denly dropped to
range ol —31 to
—47° F

Temperature drop-
ped from 42° to 0°
F. 0il at 43° F,
being pumped in.

Winter

30°F, water at 40° F

47° F, water at 40° F
Temperature fell to
—40° C

-15 to —20° F.
gthers at 0 to 32°

—20°F
Cold
41° F

15 at

(6

Charpy, fi-ih

Below 15at32° F

3-5 at —248° F

3-4at®°F. 19-
40 al  room
perature

3-9 at 32° F in

lower 2 courses

6-10 at 32° F in

lower 2 courses
+10 to
—-10°C

(73
Type of steel or
partial chemical
analysis, %
Semikilled

Rimming and
semikilled
steel

6.20C

0.47 Mn

ASTM A-7

3H% N
0.08-0.12C

3% N
0.08-0.12 C
0.13-0.20 C
0.35-0.60 Mn
0.11-0.28C
ASTM  A-70,
A-10, A7
0.44-0.49 Mn
0.12-0.19 C

0.16-0.21 C
0.55 Mn

4.22-0.25 C
0.54-.62 Mn

g.12C
1.25-1.70 Mn

ASTM A-7
ASTM A-7
ASTM A-285

0.22 C max
0.80 Mn max

(8)

Details of failure

Shearing cracks in manhole neci,
combined with high residual
stress in heavy welds, and ther-
mal stress caused failure. Very
little tear in welded seams.

Plate split in hammer test. ‘Tore
across weld, starting at slight
offset in joint.

Failed on hydrostafic test at
twice working pressure., Only
4 ft of total 350 [t of tear along
Seam

Split and shattered. Killed 128
persons, Apparently the
Charpy specifications had not
been met.

Failed when legs collapsed due to
heat from above failure.

Poor welds. Innumerable eracks
in all 5 tanks starting in weld
defects and heavy welds. Ther-
mal stress important. Welding
done in extremely cold weather.

Failure originated at cleanout
door corner. Poor welds.

Very poor welds initiated eracks

Failure initiated at poor weld
probe replacement in Ist hori-
zontal joint, had prior partial
failure.

Failure started [rom partially re-
paired erack in weld.

Cracks initiated from fissures left
[rom hammering and chipping,
aided by residual stress. Tanks
empty at failure,

(il tank, re-erected to hold water.
Lighter than permitted by
AWWA Code. Very poor
welding.

TI'ailed at stress concentration.
Not related to welds.

Poor weld initiated failure.

Initiated by stress coneentration
Not related to welds.

Fracture initiated in repair weld.
Crack traveled 50 ft. Heavy
irregular beads of weld metal
deposited

(8)

Failure

Complete

Partial

Complete

Complete

Complete

Partials

Complete

Partial
Complete
and partial
Complete
Partial?

Complete

Complete

Complete
Partial

Partial

Complete




Table 1—(Continued)

(9)

(8)

(7

Type of steel or

(6

(&)

Weather condifions

(4

Age at

(8
Details of

slructure

Welded 178 ft high

(2)

{1
Clase no.

partial chemical

Failure

Partial

Details of faiture
Thermal stress and vibration

analysis, %

0.28 C

Charpy, ft-1b
Transition temp.
20 to 35° F

or lime of year

Cold

Sfatlure

10 yz

Structure

Stack

and year
1951

28

g Y-shaped

Yield raised by cold work., Oper-

0.50 Mn

x 10 ft diam

helped initiate a lon

erack,

ASTM A-7

and
No num-

bers avail-

complete,
able

Partial

1d. Cracksini-

vie
ated at gouges or other defects.

o

72% of
soidal spht, up to 3200 £t

ength. Perhaps 68 splits.

Crack travels faster than gas
pressure wave lowers the stress,

Little published data.
Low carbon plate being used at

ate at
Sinu
in 1

1.30 Mn max

0.34 C max
0.110 P max

p to 30 in.

Welded u
diam

(Gas lines

20 1048-
1851

Complete

Firebox

1-3 ft-lb at oper-

15 yr

gh

Welded, 43 {1 hi

Methane column

1945

30

Delective welds.

—110° C.

ating tempera-

ture

x 4 ft diam

plates [rom welded ships,''? noted above. This ship
plate investigation divided plates into three categories:
(a) Source—a plate in which fracture originated, (&)
through—a plate through which a fracture traveled,
(¢) end—a plate in which a fracture terminated. The
highest value of impact energy for a ship source plate
was 11.4 ft-lb at the temperature of failure. Of 22
source plates only 2, or 9.19, had energies over 10 ft-1h.
For end plates, or plates with no fracture, 21 out of 30
plates, or 709 had over 10 [t-lb. These data are shown
in Fig. 45. Further, of 31 plates which were fracture
sources only 109%, or 3 plates, had 15 ft-1b transition
temperatures below 70° I, Of 82 plates which did not
contain fracture sources, 679 had 15 ft-1b transition
temperatures below 70° I, The report is a most val-
uable one, Its perusal is most highly recommended to
those interested.

In considering results of notch bar tests, it is interest-
ing to note in passing, that poor quality, dirty steels
often have higher impact values than supposedly good
steels. This was noted by Mesnager® who, in 1906 ob-
served that imbedded inclusions cause individual metal
laminations to separate from each other, preventing a
brittle crack from traversing the specimen. He also
noted the [act that gas holes and other faults caused a
similar effect. Fettweis® stated in 1929 that faulty
material can have a higher impact resistance than sound
material. The action of high sulfur in inducing lami-
nations leads to the same effcet. 1% Wrought iron
owes its toughmness to its highly laminated structure.

Another interesting fact is that fractures which are
mainly cleavage can be obtained in the laboratory with
high values of energy absorption.'® This is probably
related to the fact that cleavage fractures can be propa-
gated with a velocity as low as 150 fps.®

10. The Role of Cracks, Stress Concentrations
and Other Defects in Initiating Failure

In nonship structures for which data are available
the preponderance of failures have been initiated in
both riveted and nonriveted cases at cracks left by
punching or shearing, at plate offsets, weld voids, poor
weld probe replacements, poorly repaired welds, and
other defects resulting from improper [abrication pro-
cedures. Two cases (Nos. 24 and 25) were initiated by
the effect of stress concentrations designed into the
structure. Modification of the design in these struc-
tures seems to have eliminated subsequent failures.
Qther cases (Nos. 4 and 19) seem to have been initiated
at a combination of fabrication and design defects.

In the case of welded ships built during World War IT
however, fractures often originated at points where
poor welded design practice had been utilized (i.e.,
sharp hatch corners in the Liberty Ships).10% 121 13
Following design modifications, on the other hand, the
origins of most recent failures in these ships have been
traced to defective workmanship.'®® Tt was also con-
cluded for ships that every fracture investigated could
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be traced to a starting point at a definite geometrical
discontinuity due to design or workmanship.??  While
the data are not complete for nonship structures, it
would appear that the latier conclusion is equally
valid here.

The importance of workmanship cannot be overem-
phasized. One ship is known to have failed as the re-
sult of fracture initiating at such a small thing as a crater
left by an arc strike.!'? Equally small defects are seen
to have initiated nonship failures.

11. Crack Paths

Unless a weld is exceptionally bad, as in Casc 23,
there is no tendency for brittle cracks to follow welded
seams. An outstanding example of this is Case 14.

12. Static Versus Impact Stresses in Initiation of
Britile Failure

The historical development of the notched-bar im-
pact test (see paragraph 1 above) has led to the associa-
tion of brittle failure with impaect. In the nonship
failures here reported, only 5 (Cases 24 and 25 which
are power shovels, Cagse 27 which was a rail wreck, and
Case 15 initiated by the hammer test) can be definitely
connected with the phenomenon of impact. In the
case of ships, 23 or about 109, of the 250 very serious
failures (see Introduction, page 4) occurred at dock-
side, or in a calm sea.”

Brittle failure can apparently occur in the presence
of static loading if the proper conditions of temperature,
triaxiality (notches or defects) and stress are present.

13. Age at Failure, and Degree of Failure

From the fizures presented in Table 2 it does not
seem that age of the structure has any hearing on the
occurrence of brittle [ailure. In ships this same con-
clusion was found to be statistically valid.!0?

For 50 structures (excluding gas lines) for which com-
plete data are available, 22 suffered complete collapse
due to brittle fracture, and 28 suffered partial failure.
(See Table 2.)

14. A Glance at Codes and Specifications

It is not within the scope of this survey, nor is it the
intention of this author to pass judgment on codes and
specifications. Codes and specifications are usually
the product of long and careful deliberation, conserva-
tively based on experience in service. A eritical survey
of brittle failure, however, would be in some degree
lacking in orientation if it did not take cognizance of
some of the codes under which engineering structures are
often fabricated, or some of the specifications under
which materials are usually purchased.

The ASME and API-ASME unfired pressure vessel
codes'?® 123 gllow use of quite a variety of steels made in
accordance with ASTM specifications.’® Among other
types, A-201, A-212, A-283, A-285 are allowed. Type
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Table 2-—Summary of Nonship Brittle Failures of Engi-
neering Structures (Riveted or Welded) Reported Herein

(Includes repeated pactial [allures of a single structure exeept
where noted, Riveted oil tanks with welded base angles are
included as riveted struetures)

1. Total failures:
Other 66
Gas lines Unknown

2. Number of {ailures hased on lifetime of structure (not in-
cluding gas lines):

Rivet Weld Tolel
(¢) On acceptance test 2 3 5
(6) 0-1yr 1 10 11
(e) 2-5yr 2 13 15
(@) After 5 yr 7 3 10
(&) Not known 1 24 25
13 53 66

3. Number of failures which oceurred alter sharp atmospheric
temperature changes:

Rivet 6
Weld 11
17
4. Number of welded failures where residual stress was deemed
hy investigators to he of importance: 8
5. Number of failures (excluding gas lines), that were:
Rivet Weld Total
Complete 8 15 23
Partial 10 19 29
UUnknown 0 14 14
18 48 66

6. Breakdown of riveted structures which failed totally or par-
tially (not counting repeated partial {ailures):

Standpipes

Gas holder . 1
Molasses tank 1
Crude oil storage tanks 9

13
7. DBreakdown of welded structures which failed totally or par-
tially (not counting repeated partial failures):
Bridges 2

1
Spherical pressure vessels 4
Cylindrical pressure vessel 1
il storage tanks 12
Water tank (converted [rom oil) 1
Power shovel dipper sticks and booms 3
Penstock 1
Stack 1
Gas lines Unknown
Miscellaneous 2
Methane column 1

45 plus

A-7 is allowed by both these codes, but certain restric-
tions are put on its use. All of these steels can be used
at temperatures down to —20° F, with no impact tough-
ness tests required. An American Water Works Assn.
Code'® allows, among other steels, types A-7 and A-285,
API Standard 12C for welded oil storage tanks?* calls
for types A-7 and A-283, grades C or D. Naturally, oil
and water tanks operate at ambient atmospheric tem-
peratures.

Under the ASTM standards, for example, types A-7
and A-285 can be furnished rimmed, semikilled or fully
killed. Specifications for type A-7 (Steel [or Bridges
and Buildings) set limits on phosphorous and sulfur only,
and the former can be as high as 0.1389 for acid Besse-
mer steel. In type A-212, for instance, the carbon con-
tent can be as high as 0.359%, in steel plate 2 to 6 in.
thick. The high values of carbon and phosphorus al-




lowed in gas transmission lines under API Standard
51.X*% have already been discussed. At additional
expense, certain of the foregoing ASTM steels (A-201,
A-212) can be purchased under ASTM Specification
A-300, which calls for & minimum Charpy V-notch im-
pact value of 15 ft-lb al some speecified temperature.
This latter requirement is mandatory only for service
conditions below —20° F.

Both the API 12C and AWWA codes allow partial
penetration of horizontal welded joints in cylindrical
tanks. This is permitted in square-groove and double-
beveled joints providing that the unwelded portion is
located substantially at the center of the thinner plate,
and that the unwelded portion, plus any undercutting,
does not exceed one-third the thickness of the thinner
plate. In a cylindrical tank, the horizontal joint is a
region of secondary stress, and such practice, so far as
this author knows, has never led to any mishap. In
fact, one manufacturer of tanks and pressure vessels
has stated to this author that his company will make
full penetration joints in such cases only if requested.
He states that a full penetration joint causes the seam
to draw inward, making the tank unsightly.

Because of the high incidence of ship failures, the
American Bureau of Shipping (ABS) in 1947 estab-
lished new specifications for structural steel for hulls,'#
Under these specifications, all hull plate steel of !/,
to 1 in. in thickness (Class B) must have a carbon con-
tent of 0.239%, maximum and a manganese content of
0.60-0.909,. Steel over 1 in. thick (Class C) must have
a maximum carbon content of 0.25%, with 0.60-0.90%,
manganese and 0.15-0.309% silicon. Further, Class C
steels must be made to fine grain practice. This, in
effect, excludes rimming steels in larger ships, and re-
quires a fully killed steel in heavy plate. Plate less
than !/, in. thick (Class A) is limited only in phosphorus
and sulfur contents. This last recognizes the fact that
there have been no recorded failures in small ships which
arc built of lighter plate.** Several industrial organi-
zations which submitted failure reports to this survey
have stated their intention in future to use ABS Class
B and Class C steels for such varying structures as oil
tanks, power shovels and smoke stacks.

It can be shown that for a given initiating defect
brittle fracture requires a certain critical value of the
applied tensile stress.'? Therefore, it is well to glance
at design stresses allowed by some codes. The pressure
vessel codes'®® 1% ysually allow a design stress of 259,
of the ultimatle strength, except for certain steels for
which about 219, of the ultimate is used. The Ameri-
ean Water Works Assn, Code'? allows a maximoum de-
sign stress of 15,000 psi, regardless of ultimate strength.
The end result of either of these two methods is a work-
ing stress of about 509 of the yicld point. Such values
are, perhaps, conservative, but they do not place a
premium on cold working to achieve strength, a prac-
tice which can promote susceptibility to brittle failure.
This is not the case in the ASA code for gas transmis-

gion piping™ which allows in certain circumstances a
working stress of 729, of yield, after the yield strength
has been obtained by cold work. On the other hand,
as has been pointed out'® research may demonstrate
the suitability of low alloy steels which can be safelv
stressed to a figure of 759, of yield in nonship struc-
tures.

The foregoing merely serves to point up some of the
difficulties of design and of steel selection and use in
nonship engineering structures. A very able exposi-
tion of this problem (in regard to pressurc vessels) is
presented in an interpretive report'® by H. C. Board-
man. To further show the difficulties of the problem,
it is well to point out that while britile failures have
occurred in structures built under API and pressure
vessel codes, there is no known recorded failure of a
structure built under the AWWA code.

CONCLUSIONS

1t is not the function of this paper to propose a rem-
edy for brittle failure, nor to evaluate technigues of
fabrication and manufacture of nonship structures.
The task at hand was to survey nounship brittle failures
of carbon plate stecl structures and determine the fac-
tors of importance relating to such failures, in order to
supplement the study of the failure of ships. The
following conclusions seem justified:

1. Based on the examination of nonship failures, it
15 coneluded that brittle failure in nonship carbon plate
steel structures is the same phenomenon as occurs in
ships. This may seem to be an obvious statement,
but one that should be made. Moreover, brittle fail-
ures affect a wide variety of different types of nonship
plate structures.

2. Brittle failure of steel did not originate in the era
of welded eonstruction. Its history goes back to 1879
or earlier. Riveted structures suffered brittle failure,
with fractures originating at cracks radiating from rivet
holes, or other defects.

3. Asin ships, brittle fractures in nonship structures
carn, on occasion, cross riveted joints.

4. There is no evidence available to demonstrate
that the percentage incidence of brittle failure in non-
ship structures has either increased or decrcased with
the advent of welding. Certainly it can be said, how-
ever, thal brittle failure in welded structures, once ini-
tiated, can travel across welds with ease, thus perhaps
causing a greater extent of damage in a welded struc-
ture.

5. In certain circumstances, thermal stresses (in
conjunction with other factors) may be of importance
in initiating britile failure in nonship structurcs.

6. Residual or locked-in stresses, by themselves, are
not the prime causc of nonship britile failures. It is
probable that, as in ships, residual and locked-in stresses
are not relieved in service. In conjunction with other
factors, however, residual stresses may serve to initiate
failure.
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7. The cflect of metallurgical variables in brittle
failure is impportant. Increasing the ferritic grain size,
carbon and phosphorus contents (also certain other
elements) and plate thickness will increase susceptibility
to brittle failure. Increase of manganese and applica-
tion of normalizing will lower the susceptibility. Killed
steel, in general, is less susceptible to brittle failure than
rimmed steel. Other, more subtle metallurgical varia-
bles are also important. However, in nonship strue-
tures that have suffered brittle failures, there was a
wide variety of chemical analyses, types of steel and
thicknesses of plate. One structure that failed at
ambient temperature was made of low-alloy steel. The
data do not permit statistical conclusions.

8. Cold forming promotes susceptibility to brittle
failure, but there are no data to show the role that it
has played in actual failed structures.

9. No data exist to show in general the effect of
various welding processes on the initiation of, or sus-
ceptibility to, brittle failure in nonship structures.
In five cases, the structures were welded at very low
temperatures, and in two other cases, light welds on
heavy plating were a factor.

10. In failed nonship structures, where data are
available, the Charpy impact values were generally
low at the failure temperatures. The sample is too
small for any statistical interpretation.

11. For cases of nonship brittle failure where data
are available, the great majority of fractures originated
at defects arising from fabrication. In only two cases
did fractures originate solely in design stress concen-
trations. Despite the lack of complete data it seems
probable that in all nonship cases (as in ships), brittle
failure originated at some definitc geometrical discon-
tinuity involving design or workmanship.

12. Except in the case of exceptionally poor welds,
there is no tendency for brittle cracks in nonship strue-
tures to follow welded seams.

13. The great majority of brittle failures of nonship
structures apparently take place under conditions of
static loading. In only five nonship cases of brittle
failure here reported were there clear indications of
impact loads.

14. As in ships, age of the structure seems to have
no bearing on the brittle failure of nonship structures.
There is, however, no broad statistical basis for this
conclusion.

15. At the present time, most engineering codes
permit the use of steels which are known to have par-
ticular susceptibility to brittle failure, At the same
time, all of these codes but one specify very conserva-
tive stress levels, which would tend to decrease the pos-
sibility of brittle failure. It should be stated, however,
that it is not the intention of this survey to pass judg-
ment on any codes or specifications.

Finally, it has been shown that brittle failure results
{rom a combination of many factors. There is, at the
present time, no material readily and economically
available which would, if built into bridges, pressure
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vessels, and other nonship structures, totally prevent
brittle [ractures. Moreover, there is no known test
which will surely predict from the behavior of small
specimens the performance of a given structure in cir-
cumstances where brittle [ailure might oceur. In short,
careful design, selection of materials and good work-
manship are of the greatest importance in the preven-
tion of brittle failure in nonship carbon plate steel
structures. This is also the case in ships.
|
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