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1. _FORRWORD

LW T R T e

This final report by the National Transportation Safety Board
supplerents the interim report issued October 4, 1968, entitled
"Collapse of U. S. 35 Highway Bridge, Point Pleasant, West Virginia,
December 15, 1957," File SS-H-2. The interim report included
descriptions of the design, comstruction, operatirn, and maintenance
of the bridge from its completion in 1928 until its collapse in 1967.
Detailed descriptions of the collapse of the bridge were given in the
interim report, based upon documentary evidence and -vitness testimony
as presented at the Safety Board's public hearing held in Charleston,
West Virginia, May 10 through May 13, inclusive, 1958.

Rl ""‘W'
K b ¥ NS R ]

As stated in the interim report, it was determined that the
fracture in suspeusion chain eyebar 330 (north bar, north chain, Ohio
side span) wus essential to the catastrophic stage of the collapse,
but the cause of the fracture had not been determined. Eyebar 330

\ and its sister eyebar 33 were located in the north suspension chain
i‘ of the bridge between joints Cll and C13. C13 was the fivst joint
west of the Ohio tower. The north leg of the Ohio tower was joint

C15N.

The fracture occurred in the lower half of the head of eyebar 33)
in joint C13N., The line of this cleavage fracture was at right angles
to the axis of eyebar 330. Then a ductile fracture on the opposite
side of the eye from the cleavage fracture resulted in the complete
separation of eyebar 330 from joint C13N. It was established that
eyebar 33 had slipped from the eyebar pin at joint C13N at some time
during the separation of the north eyebar chain at joint C13N. It was
not known at the time of issuance of the interim report whether the
fractures in eyebar 330 preceded.the separation of eyebar 33 from the

pin.

e e e T LT T T AT IS (W T s N, e
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When the north eyebar chain was separated at joint CI13N, total
collapse of the bridge was a certainty due to its design with the
towers resting on rocker seate.

Prior to issue of the interim report, the Safety Board's Structural
Analysis and Tests Group of the investigative team began supervision of
v an extensive series of field and laboratory examinations to determine
; the mechanism of failure and the cause of the fracture at joint C13N.
Those examinations were completed in the fall of 1970.

. The Safety Board issued a press release on December 31, 1968,

; describing the discovery during laboratory examinations of evidence of
a sevies of minute cracks penetrating to the interior of the fractured
head of eyebar 330. It was stated that stress corrosion was suspected

N
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as the cause of the minute cracks and that such cracks may be entirely
undetectable in the present state of the art of bridge inspection
without disassembly of members. The press release also noted that the
State of West Virginia closed the St. Marys Bridge, a sister structure
to the Point Pleasant Bridge, as a safety precautionary measure based
upon the information developed during the investigation.

This final report briefly reviews the activities and findings
prior to issuance of the interim report, and covers the investigations
conducted since that time. The results of the investigations are dis-
cussed with relationship to the cause of the collapse, and the cou-
sistency of the findings with the observations of survivors and
witnesses. This report includes discussion of the status of bridge
design technology in the era of 1926 when the Point Pleasant Bridge
was designed, the relationship of that philosophy to present-day
knowledge of structural behavior, and implications for public safety
as regards other existing bridges and those'in process of design.

The detailed reports of separate investigations conducted by
participating laboratories and consultants are listed as references.
Only appropriate key findings and selected results are repcrted in the
text. Certain other documentation not reproduced in formal reports is
on file with the National Transportation Safety Board.

The Safety Board graterully acknowledges the invaluabl~e assistance
received during the investigations from the many individuals and organ-
izations that participated. The Corps of Engineers, U. S. Army, com-
pleted the massive recovery of the parts of the bridge from the Ohio
River and conducted additional searches for missing parts. The
Adrinistrator of the Jederal Highway Administration gave us continuing
support and approval for expenditure of extensive research funds and
provided professional assistance to the Safety Board through repre-
sentatives from the Bureau of Public Roads and the Bureau of Motor
Carrier Satety.

The Safety Board also expresses its appreciation to the repre-
sentatives of the six Parties to the investigation, namely: ‘

i
‘

1. The States of West Virginia and Ohio /

2. The consulting engineering firm of J. E. Greiner Company,
Baltimore, Maryland ‘

3. The consulting engineering firm of Modjeski and Masters,
Harrisburg, Pennsylvania

4. The consulting engineering firm of Hardesty and Hanover,
New York City; and

5. The American Bridge Division of the United States Steel
Corporation, Pittsburgh, Pennsylvania
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Particular appreciation is extended to Mr. Charles F. Scheffey,
Federal Highway Administration, for his untiring efforts and outstanding
performance as Chairman of the Structural Analysis and Tests Group of

the Safety Board's investigative team.
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II. SYNOPSIS

\\\’The U. §. 35 Highway Bridge connecting Point Pleasant, West Virginia,
with Kanauga, Ohio, collapsed at approximately 5 p.m. (EST) December 15,
1967. TForty-six persons died in the accident, nine were injured, and
31 of the 37 vehicles on the bridge fell with the bridge. Twenty-four
vehicles fell into the Ohio River and seven fell on the Ohio shorﬁy
There were no pedestrians on the bridge at the time of‘collapse./f

The initial failure in the bridge structure was a cleavage fracture
in the lower limb of the eye of eyebar 330 (north bar, north chair, Ohio
side span) at joint C13N, the first eyebar chain joint west of the Ohio
tower of the bridge. The cleavage fracture was followed by a ductile
fracture in the upper limb of the eye of eyebar 330 at joint C13N,
gseparating eyebar 330 from the chain. Immediately following the sepa-
ration of eyebar 330 from joint CI13N, the sister eyebar 33 slipped from
the C13N joint pin, resulting in the separation of the north chain at
that location. The colly.:-. of the bridge began in the Ohio aide span,
moving eastward toward the West virginia shore, with the result that
within a period of about 1 minute, the 700-foot center span, the two
380-foot side spans, and the towers had collapsed.

The Safety 3Soard finds that the cause of the bridge collapse was
the cleavage fracture in the lower limb of the eye of eyebar 330 at
joint C13N of the north eyebar suspension chain in the Ohio side span.
The fracture was caused by the development of a critical size flaw over
the 40-year life of the structure as the result of the joint action of
stress corrosion and corrosion fatigue.

S~

Contributing causes are:, l

1. 1In 1927, when the bridge was designed, the phenomena of
stress corrosion and corrosion fatigue were not known to
occur in the classes of bridge material used under con~
ditions of exposure normally encountered in rural areas.

2. The location of the flaw was inaccessible to vigual
inspection.

3. The flaw could not have been detected by any ingpection
method known in the state of the art today without
disassembly of the eyebar joint.
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III. FACTS

SUMMARY OF WORK PRIOR TO OCTOBER 1968 AND QUESTIONS WHICH RFMAINED
UNRESOLVED AT THAT TIME

1. Field Operations Compieted as of October 1968

As of October 1968, the following major field operations had been
completed and are summarized in Report §S-H-2, National Transportation
Safety Board, dated October 4, 1968:

a. The wreckage which fell on the Ohio shore had been thoroughly
documented by both photography and physical measurements.

b. All visible fractures in the wreckage on the Ohio shore had
been carefully examined and extensive notes prepared with respect to
evidence found upon the Ohio north chain bent post, gusset plate U7N,
markings and deformations associated with the contact of the chain
bent frame with the Ohio approach spen girders, and the nature of the
fractures in floor beam connections (See Figure 1 and Figure 2 for
identification of these elements).

c. A precision survey had been completed to determine the
positions of the anchorage vaults, piers and pedestals with respect to

those indicated on the plans.

.d. Approximately 60 percent of the main members in the stiffening
trusses and the eyebar chains had been reassembled at the reassembly

site.

e. A preliminary investigation of the members of the towers at
the reassembly site had been completed, and it indicated that there
had been no stability failure in the north leg of the Ohio tower.

f. Detailed measurements were made of eyebar No. 33 (South bar
of north chain, link C11-C13), which contained the burr on the bearing
edge of the pinhole, and eyebar No. 330 (North bar of north chain,
1{nk C11-Cl13), which contained the brittle fracture in the lower 1limb
of the C13 eye, with a view to explaining the separation of the chain
at joint C13N.

g. Parts of the hanger connection system at joint U13N (the
joint directly below chain joint C13N) had been located and it was
estzblished that this connection had been pulled from the truss,
apparently by forces applied through the hanger.

h. Detailed sketches were prepared from the divers' reports
indicating the locations in which the principal elements of the wreckage
and the vehicles had been found during the salvage operations.
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1. Supplemental dredging operations after the completion of the
main salvage operations had been successful in locating the outboard
piece from the fractured eye of eyebar No. 330, but they had not
located the pin from joint CI3N in spite of three s~parate searches.

The wreckage on the Ohin shore had been carefully disassembled
to obtain additional photographic coverage and' to permit examination
of freshly exposed pins and pinholes in the eyebar chain, The latter
inspections were conducted in part to look for evidence of fretting-

fatigue.

k. An experimental program had been conducted on the bridge at
St. Marys, West Virginia, which was a near duplicate of the Point
Pleasant Bridge, to confirm computed vibrational frequencies and mode
shapes, to assess the dynamic effects in eyebars and hangers produced
by a single heavy vehicle moving across the structure, and to make
strain measurements of certain localized secondary stresses on the
chain bent post, gusset plate UJN, and in the eyebar heads.

2. ' Laboratory Work Reported in Interim Report (Reference 2)

Laboratory work had been initiated at the National Bureau of Standards
in order to examine the fracture in eyebar No. 330, the burr and
deformation of eyebar No. 33, and the fractures in the chain bent post,
gusset plate U7N, and gseveral selected fractures from the lower chord
members recovered from the wreckage on the Ohio shore. The Battelle .
Memorial Institute, Columbus, Ohio, had begun some basic work on the
materials used in the eyebars, the hangers and the trusses to determine
their susceptibility to brittle fracture due to the presence of small
flaws. Studies to determine the fretting fatigue susceptibility of

the eyebar material had been initiated at Ohio State University.
Additional metallurgical examinations were planned at the National
Bureau of Standards and the laboratories of the U. S. Steel Corporation
had agreed to perform parallel investigations.

The examination of the brittle fracture in eyebar No. 330 at the
flational Bureau of Standards had revealed that there was a small
radial crack about 1/8-inch deep extending from the eyebar hole
surface in the plane of the fracture. The origin of this crack was
at a point which was in contact with the pin in the assembled
structure. Examination of the hole surface adjacent to the fracture
indicated that there were additional swnaller cracks of a similar
nature generally parallel to the one which had precipitated the
fracture. Representatives of the Battelle Memorial Institute were
asked to examine a number of eyebar heads at the reassembly site
and on the Ohio shore to determine whether or not such cracks were
present in other eyebars of this structure.

None of the laboratory work had progressed far enough at the time of
the interim report to result in conclusive reports.
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3. Observed Facts and Witness Testimony Inadequately Explained at the
Time of Interim Report

There was already general agreement among the members of the investigation
group that the fracture in eyebar No. 330 was the critical event in the
cocllapse of the structure. It was not clear, however, whether this
fracture resulted from the static load which existed at this joint up

.to. the time of the collapse, or resulted from dynamic overload produced
by vibration, vehicle effects, or a shock wave produced by a prior
fracture somewhere else in the structure. An important part of the
subsequent investigations, therefore, consisted of a thorough examina-

tion of all fractures in the wreckage in the general vicinity of the Ohio
tower, to ascertain if those fractures might have produced such a shock.

There were also questions as to whether the steel in the particular
eyebar which fractured was typical of the steel in other eyebars in

the structure and whether it met the contract specifications. With
respect to the pre-existing* crack, two major questions were unresolved;
namely, (1) was this crack sufficiently large to have caused the

brittle fracture at the normal stress level expected at this location,
and if so, (2) what was the mechanism by which this defect grew to
critical size?

Another major unresolved question concerned the order of events in

the separation of joint C13N. Was it possible, assuming that the pin
retainer cap was missing, that eyebar No. 33 "walked" off the end of
the pin prior to the fracture of eyebar No. 330 due to the fluctuating
load in the eyebar chain? Such an event would have produced a 100 per-
cent increase of the load on eyebar No. 330. Or did the fracture in
eyebar No. 330 come first, with subsequent misalignment causing eyebar
No. 33 to slip off the pin? It was in the hope of resolving this
question that much effort was expended in attempts to  find, the missing
pin from this joint,

There were a number of questions for which there were no clear answers
at the time: '

a. 1If the failure occurred because of weakness or defects in
the vicinity of panel point 13, how did the two heavily loaded dump
trucks which were in the east bound lane successfu’ ly pass this
point and reach the center of the main span before collapse occurred?

b. What unusual event accounts for the fact that the saddle
casting at the top of the south leg of the Ohio tower appeared to have
been pulled vertically upward from its attachments, and how did this
leg of the Ohio tower develop two fractures in the length above the
portal bracing?

*Pre-existing in the sense that it was present prior to the initiation
of collapse, but not necessarily present when tine bridge was erected,
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~¢. If the collapse wac due io a failure of the upstream chain
in the Ohio side span, why did the West Virginia side span rotate in
a clockwise direction viewed from the west, with the downstream edge
falling first?

d. What explains the presence of the numerous fractures in the
entire lower chord system, many of which are distinctly brittle in
nature?

e. How did the hanger connection system at Ul3N get pulled out
of the truss if the chain had already failed?

f. In addition, the following observations by one or more eye-
witnesses and survivors did not appear to be adequately explained:

(1) The presence of a bolt and/or a retaining caplike
object on the deck prior to the collapse.

(2) The rather . nsistent reports of unusual vibra-
tions just prior to the collapse.

(3) The loud "cracking' and '"sonic boom' sounds
reported just prior to or during the initial period
nf the collapse.

(4) The experience on the part of many of the
survivors that the bridge dropped a short distance
and then there was a momentary hesitation prior to
the remainder of the collapse.

4, Logical Framework for the Conduct of the Investigation

The logical framework on which this investigation has been conducted
is shown in Figure 3. The logic "tree" includes the work conducted
by the Bridge Design Review and History Group as well as that of the
Structural Analysis and Tests Working Group.

The possible causes of failure may be conveniently classified as
those due to <ubstructure failure, overload or overstress, super-
structure defect, wind excitation, and external events including
sabotage, vehicle collisions with the structures, and '"sonic booms . "

The substructure failures may be further divided into those due to
scour around the base of the piers, anchorage movemént or picr
displaceme.t which may have been caused by foundation failures or
by collision: of water craft with the piers. At the time of the
interim reporc it was possible to discard scour as a cause of
failure in that the divers had found no abnormal hcoles or lack of
support at the base of the piers during their work on the salvage
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operation, Gross pier displacement was also eliminated by the fact
that the bearing surfaces of the pedestal seats for the tower legs
were found to be level and in proper position.

The possibility that small movements of the anchorages or piers could
have resulted in misalignment of the towers or sagging 6f the main
chains with consequent overstressing of vital ports was eliminated by
the results of the precision survey conducted by Modjeski and Masters
(Reference S, Exhibit Number 4~0). This survey was conducted using a
combination of direct chaining over land and direct Geodimeter (an
electronic distance measuring device) over water. The latter measure-
ments were checked by a triangulation technique using a Geodimeter
measured base line on one shore and precisely measured angles. The
results of the survey indicate that all bearings and pedestals were
within a few hundredths of a foot of the intended position with one
exception. It was found that the distance between the pedestal shoes
on the West Virginia tower pier (pier No. 4) and the pier at the east
end of the West Virginia side span were approximately 0.25 feet closer
than the 370 feet shown on the drawings. It was noted, however, that
the distance between the pedestals on the Ohio tower pier and the

West Virginia tower pier checked within 0.02 feet of the plan dimension
of 700 feet, and that the distance between the pier at the east end
of the side span and the next pier eastward also checked very closely
with the planned dimension. It was therefore concluded that the
erector had chosen to correct a slight error in the original construc-
tion by taking advantage of the adjustment provided in the West Virginia
side span by the toggle link at the West Virginia tower. With the
completion of these surveys and their interpretation, &:1 possibility
of substructure failure was precluded.

The computations performed by the Bridge Design Review and History
Group (Reference 3 and Reference 5, Exhibit No.¥E) indicated that the
original design had been executed in accordance with normal engineer-
ing practice in use at the time of the original design, and that it
was without mistakes or .significant errors in the original stress
computations, although there was a minor error in the computed dead
load stress in member L13-L15 of the Ohio side span and corresponding
members of the center span and West Virginia side span.* That group
also established the fact that the stresses in critical members of
the eyebar chain and trusses produced by the loading on the structure
at the time of collapse were well below the specified maximum stresses
provided for in the original design. Computations were carried out
by the American Bridge Division of U. S. Steel using a digital
computer, and were independently checked by the firm of Modjeski and
Masters, a

Both the original design computatione and the check computations
were computed on the following basis:

a. The structure was assumed to be linear in its behavior.
The full implications of this statement will be discussed in the
analysis section of thias report.

;*Such minor error, however, was of no aignificance as regards the

collapse.
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b. Only primary stresses in the members of the eyebar chain
and the stiffening stresses were considered. Secondary effects
because rigidity of the joints in the truss induced bending in the
members as the structure changed shape due to various patterns of
traffic loading were not taken into account. Other secondary
effects due to transverse bending of the floor beams, distortion of
the chain bent post frame, and possible effects in the eyebar heads
1f they did not rotate freely on the pins were also ignored.

c. The dynamic stresses introduced in the floor system by
moving traffic were estimated by simple percentage increases in live
load stress, which was the common practice at the time of the design
of the structure. No allowance for dynamic effects was included in
the analysis of eyebar chain, towers or stiffening truss.

There were therefore questions with respect to the actual levels of
dynamic stress which were appropriate for this structure and the
possible significance of uncomputed secondary stresses. These
questions were studied during the experimental work conducted cn
the St. Marys Bridge during the Spring of 1968 and the subsequent
interpretation of the data obtained from theee experiments,

The questions associated with the superstructure defect branch of
the logic tree had been only partially resolved at the time of the
interim report (refer to Figure 3). Fortunately, positive evidence
from the salvage operation showed that both towers fell toward the
West Virginia shore. This permitted elimination of the possibility
of a failure in the eyebar chains in either the central span or the
West Virginia side span. It was clear that if a chain failure were
responsible, it would have to be in the Ohio side span, since a
break in the central span would have caused each tower to fall toward
its respective end of the structure., Correspondingly, a break in
the West Virginia side span would have caused both towers to fall
toward Ohio.

The only failure in the eyebar chain within the Ohio side span was
the separation of the joint at C13N., As noted above, the mechanism
of this joint separation had not been adequately explored. The
possibility that there had been initial failures elsewhexe in the
truss or in the hanger system was responsible for much of the effort
since the issue of the interim report.

The possibility of failure in the towers was quickly eliminated by
the fact that the north leg of the Ohio tower was in a single piece
and was free from major distortions or plate buckling failures.

The inspection of the pins in the pedestal shoes showed clearly
that no tower leg had slipped off its pedestal at its base. The
general nature of the failures in the tower bracing connections
gave no indication that any of these failures had occurred prior to
the general collapse.
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There existed the possibility that wind excitation of the structure
might have produced a failure of the Point Pleasant Bridge of the
same type as that which occurred in the Tacoma Narrows Bridge in 1940.
At the time of collapse of the Point Pleasant Bridge, however, the
wird was blowing in a direction parallel to the axis of the bridge
and at a velncity of about six mph. Mr. George Vincent, a well
recogrized authority on the aeroelastic oscillation of suspension
bridges as a result of his participation in the investigation of the
Tacoma Narrows Bridge failure and his many years of subsequent
research on this class of problem, testified at the public hearing
in May 1968 that these circumstances made it highly improbable that
aerodynamic excitation was the direct cause of the catastrophe c¢n
December 15, 1967.

' Nevertheless, it was conceivable that at certain periods during the

lifetime of the structure there may have been wind at right angles

to the axis of the structure sufficieritly strong to induce aeroelastic
vibrations and that these vibrations, if of sufficient magnitude,

could have contributed to reducing the life of the structure by fatigue
crack growth. The further investigations conducted to examine this
possibility are discussed within this report.

Among the causes related tc external events, the possibility of
sabotage had been checked during the initial phases of the investiga-
tion. The results of inspections of all of the salvaged vehicles by

a team of experts from the U, S. Army Ordinance Group showed no
evidence of explosions in any of the vehicles. Subsequent inspections
of the structural members at the reassembly site wave not produced

any indication of explosions in critical members, and no other evidence
of deliberate sabotage by cutting or burning has been found.

The design of the structure was such that it would be virtually
impossible for a vehicle to collide with the tower structure.
Examination of the tower legs at the reassembly site showed no evidence
of such vehicle collisions. A collision on some part of the stiffening
truss was nossible, This might have produced large distortions and
local deck failures but would not constitute a failure in the critical
load supporting structures in the towers and chains. However, the
shocks involved in such a collision and the subsequent loads on the
eyebar chain could have produced critical failures. The positions of
the vehicles known to be on the bridge at the time of collapse makes
this possibility remote, in that the deck adjacent to the north truss
was occupied by standing traffic from the Ohio shore to the middle of
the main span. Had a collision occurred, it is unlikely that it would
have escaped the notice of all of the witnesses who survived the
collapse of the structure. The eastbound traffic consisted of the

two heavily loaded dump trucks and five passenger vehicles moving as

a group across the structure. Since eyewitness testimony indicates
that this group of vehicles moved continuously from the Ohio shore
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to the center of the main span, the only possibility of a collision
with a part of the structure which could have precipitated the
collapse would have been in this area. Had a collision occurred

due to a vehicle in the eastbound lane the damage would have been

to the south stiffening truss. This would have most likely produced
a failure in the south eyebar chain if any point in the main
suspension system were vulnerable to shocks. As discussed above,

it is known on the basis of physical evidence that the initial break
occurred somewhere within the Ohio side span and it has been confirmed
that the eyebar chain associated with the south stiffening truss was
intact from the Ohio anchorage to the top of the Ohio tower. PFurther
search for evidence due to this cause was therefore abandoned.

There were rumors in the Point Pleasant area that a sonic boom had
occurred just prior to the collapse of the structure, A check with
nearby military installations indicated that no aircraft likely to
produce such effects were operating in the vicinity of the Point
Pleasant Bridge at that time, and there were no other complaints of
even minor damage in this area. Those witnesses that were either on
the structure or nearby at the time of collapse testified that they
heard a loud ncise, or a series of loud noises, just prior to the
collapse which some described "like a sonic boom."” The chains of
this bridge were designed to carry a live load of 1400 pounds/foot
applied at the deck level, which is approximately 50 pounds/square foot
on the deck. This is a heavier unit loading than that for which most
roof structures are designed and it seems improbable that such an
overpressure could have been exerted on the deck of the structure
without having caused extensive damage to houses and other buildings
in the Point Pleasant area. Further pursuit of this possible cause
for the collapse was, therefore, abandoned.
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FIELD INVESTIGATIONS SINCE SEPTEMBER 1968

1. Further Examinations at Reassembly Site

Adequate answers to the question of whether there had been fractures
in the stiffening truss or the hanger system which could have preceded
the brittle fracture in eyebar No. 330 required the completion and
detailed inspection of the two-dimensional reconstruction of the
bridge at the reassembly site. This work was carried on by the West
Virginia State Road Commission until October of 1968, resulting in the
identification and placement of approximately 90 percent of the eyebar
chains and 70 percent of the stiffening trusses, plus the principal
elements of the Chio and West Virginia towers.

In September of 1968 a special team of the staff of the Office of
Research of the Federal Highway Administration and representatives
of Robert A. Hechtman and Associates, consultants to the Pederal
Highway Administration, took over operations at the reassembly site
in order to complete as much additional {dentification and placement
work as possible and to document all significant fractures for the
record, This work was completed in October 1969 with approximately
90 percent of all available wreckage identified and placed. The
detailed inspection of fractures resulted in the correction of a number
of previous identifications. When layout was completed, a special
series of low altitude vertical photographs were taken of the entire
reassembly from a boom supported platform. These photographs were
taken from positions about 30 feet above the ground and at a spacing
such that an overlap of adjacent photographs of approximately 40 per-
cent was obtained. In addition, all the fractures in the main chord
members of the trusses were photographed at close range from two or
more directions to document their features for the record. Each
fracture was inspected to determine whether it was predominantly a
cleavage fracture or a shear fracture, and where cleavage fractures
were found, a careful inspection was made to determine whether there
was any indication of a pre-existent defect. At the time of these
inspections, a considerable accumulation of rust had formed on the
fracture surfaces so that it was not possible to make positive judg-
ments on the existence of such prior defects by field examination.

In view of this condition, a program of additional laboratory samples
was established, in which the ends of members containing fractures

of special interest or those in which it was deemed there was a
possibility of a pre-existent defect were burned off and shipped to
the National Bureau of Standards for cleaning and metallurgical
examination.

The documentation work done at the reassembly site during this period
is contained in Reference 7, excerpts of which are presented in
Appendix A, The principal exhibit of this appendix consists of a
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diagram which shows the status of the reassembly at the completion of
this work, classifies al! fractures in principal members of the
stiffening trusses and eyebsr chains, and shows the locations where
laboratory specimens were removed, Further documentation of this
work is covered in References 11 through 14, consisting of reports

of examinations of fractures in the stiffening trusses, hangers, and
towers. A feaw of the significant observations made in these reports
as a result of this activity are as follows:

a. All but one of the fragments of the various parts of the
hanger connection at joint UL3N were identified and examined. It
was established that the failure of this connection initiated in the
rivets which fastened the west diaphragm channel to the inboard gusset.
On a basis of the field examination of the fragments, it appeared that
the failure had occurred in two stages, the first being initiated while
the hanger was in a nearly vertical position with respect to an east-west
plane, but inclined with respect to the north-south plane. Final
separation appeared to have occurred when the hanger was inclined at
a considerable angle with respect to the joint in the east-west plane.
This material was shipped to the laboratory for further examination.

b. Cleavage fractures were found in the hangers in panel points
17 and 19 of the north truss, which are the two hangers just east of
the Ohio tower in the upstream ei>bar chain and truss system. Portions
of both of these fractures we:- ».:moved and shipped to the National
Bureau of Standards for further examination. Similar fractures also
were found in the hangers of the south truss of these same panel
points, and in the hangers of both trusses just east of the West Virginia
tower at panel points 45 and 47.

c. Two cleavage fractures were found in the lower chord of the
north stiffening truss between panel points 12 and 13. The extraction
of samples from these fractures was not completed until January of
1970, when they were removed, and taken ro NBS for examination.

d. A detailed examinationhof deep scars and bruises on parts
of the Ohio tower provided a highly consistent explanation of the
sequence of events in the collapse of this tower and a possible
explanation of why the saddle casting at the top of the south leg
appeared to have been pulled away from the top of the tower leg
along an axis parallel to the leg itself. Details of this sequence
of events are covered in Reference 14, but may be summarized as
follows:

(1) Initially the top of the north leg of the
tower moved eastward as a result of the separation
of joint CI3N in the Ohio side span.
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(2) The bracing connecting the two tower legs
pulled the top of the south leg in a northeasterly
direction to conform tc the movement of the north
leg. After perhaps two feet of eastward motion

of the top of the north leg, the eccentricity of
the vertical load imposed on the south leg by the
still intact south eyebar chain produced severe
bending stresses in the south leg as indicated by
the fact that there is a permanent bend in this leg
above Strut PS1 (See FPigure 35). Further bending
resulted in failures in the tower bracing system
and a fracture through the south leg about 69 feet
below the top of the tower. This portion of the
tower leg continued to tilt northward falling with
considerable velocity because it was still carrying
the south eyebar chain. This tilt dragged all
portions of the south stiffening truss attached to
the eyebar chain toward the north,

(3) This northward leaning of the upper 63 feet of
the south leg continued until it made contact with
the west side of the north lcg of the tower which
was falling to the east. At about this time
fractures apparentl  occurred in the south eyebar
chain in the main s :n,

(4) The next contact of the upper portion of the
south leg occurred when a point about 26 feet below
the saddle casting struck the southwest corner of
the north leg about six feet above the top of the
girder Gl (See Figure 35). As is evidenced by heavy
gashes in the north leg at this location and corre-
sponding marks on the south leg, this violent
collision resulted in a complete cleavage fracture
in the south leg about 26 feet below the saddle
casting. The partially inverted position of the
portion of the south leg to which the saddle casting
was attached and the violence of the collision were
apparently responsible for the manner in which the
saddle separated from the top connection angles of
the south leg.

e. The presence of numerous cleavage fractures in the lower
chord of both stiffening trusses in the center of the main span was
noted, indicating that ‘some specific cause existed for these fractures.



2. Detailed Survey of the Extent of Corrosion on Eyebar Chains and
Stiffening Trusses

A detailed exsmination of all recovered portions of the stiffening
trusses and eyebar chains was conducted by the firm of Modjeski and
Masters to determine what influence surface corrosion may have had
upon the load carrying capacity of the eyebar chain, stiffening
trusses, towers, and chaia bent posts. Reference 15, "Corrosion
Survey of the Silver Bridge (No. 1663)," is a complete documentation
of this work. The diagrams indicating the locations at which detailed
examinations were made are keyed to both the conventional panel point
designations and the piece identification numbers painted on the
member fragments by the Federal Highway Administration team which
conducted the werk at the reassembly site. Thickness measurements
were made with calipers to determine the extent of corrosion at
selected locations in the top chord members and on all bottom chord
pieces where there was measurable corrosion. Similar measurements
were made on approximately 13 percent of the diagonal and vertical
members of the stiffening trusses selected on the random basis.
Similar measurements were made on a large number of eyebars. The
summary of this report reads as follows:

"The degree and location of corrosion observed on the
primary truss members of the Silver Bridge did not
significantly alter the ability of the irdividual
members to carry the amount and type of stress to which
they were subjected, Measurable corrosion was found on
parts of many primary members below the roadway level.
This metal loss appears to be the result of corrosive
attack by roadway drainage. The corrosion was
sufficiently advanced to indicate a need for replacement
of some lower chord secondary material, principally
lacing bars and stay plates.

"Pitting corrosion was observed on eyebar heads and pin
hole surfaces. The maximum metal losses caused by
corrosion amountéd to less than three percent of the
eyebar head, by conservative estimate. The pitting

on pin hole surfaces removed substantially less than
one percent of the critical cross-section through! the
pin hole.

"The corroded portions of the eyebar heads and pin

holes were not accessible for maintenance of any type
while the structure was standing. The eyebar heads
between the abutments and chain bent posts were

below the roadway level, and therefore, subject to
corrosive attack by roadway drainage. The vast majority
of the eyebar heads were located between Panel Points

0 and 58, above the roadway. Corrosion pitting of these
eyebars is related to atmospheric conditions, but could
not be related to roadway drainage."
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3. Experimental Measurements on the St. Marys Bridge

The field work to make experimental measurements of the vibration
. characteristics and check certain secondary effects was completed in
May of 1968 by the Structures and Applied Mechanics Division of the
Office of Research, Federal Highway Administration. Reference 16 titled
"The Dynamic Response of the Eyebar Chain Suspension Bridge Over the
Ohio River at St. Marys, West Virginia," documents this activity, There
are five results of particular interest ia the discussions and conclu-
sions of this report:

a. The dynamic 'behavior of the structure with respect to natural
frequencies and mode shapes is in good agreement with the computations
performed by Mr. George Vincent, strengthening the conclusion that the
aeroelastic excitation of this structure by wind to significant ampli-
tudes was improbable. The pin connections at numerous points in this
o structure provided & high level of energy absorption, producing a
3 logarithmic decrement of 0.10 for damping in the fundamental vertical
mode. ‘ -~

b. The response of the structure.to a moving, heavy vehicle
showed that there was lateral as well as vertical oscillations generated
in the deck structure and that relative laterzl motions of the deck
system with respect to the eyebar chains were produced. These motions
i : induced bending stresses in the hangers which were superimposed on the
: tension stresses which these members were designed to carry. The range
of frequencies of motion induced by the moving vehicle was from approxi-
mately three to seven cycles per second, which is within the range of
from 2 to 15 cycles prr second to which a seated human is most sensitive.
Dynamic increase of strain produced by these oscillations as compared to
the static strain produced at crawl speed varied from as low as 20 per-
cent of the static strain in the chain bent post to as much as
250 percent of the static strain in the hangers. It is important to note,
f however, that even the dynamic strains involved were very small. These
i live loading effects due to a single vehicle constitute only a small
} ) fraction of the total live load stress possible from traffic loading
f over the full length of the structure, and live load stress in the
members is but a small portion of the total stress in the member. For
example, the end span hanger at panel point 11 showed a static unit
strain of 12 microinches/inch with the load in the middle of the center
span, six microinches/inch when the load was in the middle of the side
. span (both of these strains being the average of the two faces of the
| hanger), and a dynamic unit strain of 16 microinches/inch with the load
i passing through the side span. This dynumic increment represents only
' . about 480 psi. of bending stress. ' ¥

c. Secondary effects in the northwest chain bent post produced
live load tension on one corner of this post under certain positions
of load, whereas certain other positions of the load produced compression

k_ at the same point. The gage at the southwest corner of the chain bent



- 24 -

post showed maximum unit strains of 42 microinchesg/inch in tension
and 23 microinches/inch in compression. These correspond to stresses
of approximately 1300 lbs. per square inch tension and 670 lbs. per
square inch compression. These alternating stresses occurred in a
member designed to carry a primary compression load at an allowable
design stress of 20,000 lbs. per square inch. A fatigue failure is
therefore improbable. Secondary stress effects were also measured in
gusset plate U7N and in an eyebar head at joint Cl1S.

d. A supplemental study to determine whether the eyebars did in
fact rotate on the pins produced indications that such rotation does
occur when large live load tensions are produced in the chain by
loadings in the main span, bhut not when the loadings are within the

side span.

e. An additional secondary effect was observed with the live load
in one lane only. Such loading produced distortion of the ‘floor beam-
truss-vertical rigid frame, inducing lateral motion of the deck with
respect to the eyebar chain. This distortion therefore produces not
only bending stresses in the hangers but also bending moments at the
connections of the floor beams to the trusses.
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LABORATORY INVESTIGATIONS SINCE SEPTEMBER 1968

This section is a summary of each of the laboratory investigations which
have been conducted since September 1968 or which were not completed to
the point of reduction of data and presentation of a report at that time.
Investigations are reported and summarized on a basis of the laboratory
conducting the work. Complete details are available in the formal
reports by the individual laboratories listed in the references. The
discussion of the significance of the results of each of these investi-
gations will be deferred to the next section of this report.

A guide to the location and identification of the various laboratory
specimens removed from the wreckage of the Point Pleasant Bridge is given
in Figure 4 and Figure 5. Figure 4 indicates the locations in the
structure from which the major specimens were removed and the laboratory
to which they were shipped initially. Figures 5a through 5f indicate
subsequent subdivision of these major specimens and the individual
laboratory designations assigned to these subdivisions for various por-
tions of the work. Specimen material being held for possible supplemental
tests is indicated by the designation '"reserve specimen."

1. Laboratory Investigations at the National Bureau of Standards

The results of the investigations conducted at the National Bureau of
Standards are documented in a series of seven reports from that
laboratory (References 17 through 23).

a. The first report describes the initial examinations made of
the material in eyebar No. 330 (the north bar of the north chain, connect-
ing points Cll and Cl3), to determine chemical composition,metallurgical
and mechanical properties, and the results of the initial fractographic
examination of the brittle fracture in the lower limb of the C13N head
of this eyebar. Results of this investigation are summarized as follows:

(1) The chemical composition of the steel was in general
conformance with the specifications for 1060 carbon
steel (detailed results are given in Appendix B).

(2) The heat treatment which consisted of quenching

in water from the austenitizing temperature (approxi-
mately 1600°F.) and tempering from between 1150 and
1200°F. produced a non-homogeneous micro-structure.

It may therefore be characterized as a "slack-quenched"
steel in which martensite was formed in a layer 1/4" to
3/8" thick adjacent to the surfaces and a ferrite-
pearlite structure was formed in the interior. The
outer 1/16 to 1/3-inch of the martensite layer was
heavily decarburized. These facts were confirmed by
hardness profiles taken through the thickness of the
bar, with results as indicated in Figure 6.
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(3) The fracture of the lower limb of the Cl3 head

of this eyebar was precipitated by the existence of

a small semi-circular crack about 1/8-inch in

radius and an auxiliary crack about 1/16-inch in
radius (See Figure 7). Both of these small cracks
originated on the inside surface of the pinhole near
the south face of the bar and on a plane roughly
through the center of the pin at right angles to

the longitudinal axis of the eyebar. The remainder
of this fracture showed two zones of fracture
propagation, the first of which extended from the
crack roots to about 0.6 inch fro.n the pinhole
surface. The fracture in this zone is cleavage
without any evidence of branching or secondary crack-
ing. Such secondary cracking becomes apparent in the
second 2zone, which extends through the remainder of
the fracture.

(4) Cracks similar to that associated with the
fracture were found on the inside surface of the
pinhole approximately 1/16 inch from the plane of
fracture and near the same face of the eyebar as

those associated with the fracture. Further exami-
nation disclosed that there were additional cracks

at distances up to about 1/2 inch from the fracture

on the inboard piece of the eyebar (that which was
still attached to the shank) and at about 0.1 inch
from the fracture in the outboard piece which
separated. Sectioning and examination of these cracks
under high magnification indicate that they originated
from small corrosion pits on the pinhole surface and
penetrated radially into the eyebar material, approxi-
mately at right angles to the lines of principal stress.

(5) The faces of both the pre-existent crack associated
with the main fracture and the similar cracks in adjacent
areas were covered with dark oxides of a distinctly
different color and texture than the surface rusting
which developed on the remainder of the fracture surface.

b. Part 2 of the National Bureau of Standards report (Reference
No. 18, "Metallurgical Examination and Mechanical Tests of Materials
from the Pt. Pleasant, West Virginia Bridge," describes further
metallurgical work on eyebar No. 330 and on eyebar No. 33, which was
the south bar of the pair in the north chain, panel point Cl11-Cl3,
and which contained the burr on the north edge of the pinhole surfa~o
of the C13 head of this bar. The important conclusions of this repc::
are as follows:
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Figure 6 - Variation of Hardness through Thickness of Eyebar Materials.
(NBS Photo) '

Figure 7 - Small Semi-circular Crack (upper left of photo) which existed
prior to Fracture in Eyebar No. 330. (NBS Photo)
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(1) The microstructure and hardness of the steel varied
markedly with distance from the faces of the bar, as
would be expected for material of this composition,
size and heat treatment.

(2) The material in eyebar No. 330 did not appear to
differ in any important respect from other eyebar
material removed from the structure.

(3) The tests of mechanical properties and chemical
composition showed that the materials in eyebar No. 330
and in the eyebar from panel C9-Cll, north chain, north
bar, were similar in composition and strength to the
sample bars that were tested by the American Bridge
Company at the time of manufacture (See Appendix B).
The mechanical properties fall within a range that
satisfies the requirements stipulated in the material
specification for the structure.

(4) Results of Charpy V-notch and drop weight tests
indicate that this material had limited fracture
toughness (2 to 4 foot pounds in the Charpy tests)

at 32°F., the approximate temperature at the time of
the bridge collapse (See Appendix B). The 15 ft. 1lb.
transition tempcrature measured in the Charpy tests
was about 220 degrees Fahrenheit, and the NDT
(Nil=Ductility Temperature) measured by crack-starter
drop weight tests was between 130°F. and 17C°F.
Figures 8a, 8b, and 8c, illustrate the typical micro-
structure found in the decarburized area near the
surface of a bar, the martensite structure at slightly
greater depth, and the somewhat softer material found
in the interior of the bar.

(5) The burr on the north face of the bearing section
of the eyebar hole in the Cl13 end of eyebar No. 33
was sectioned through the thickness of the bar and
along a plane in the longitudinal axis. Figure 9
shows the general geometry cf this section and
Figure 10 shows a detail of a magnification of the
burr itself after polishing and etching. This
detail indicates that this burr was formed in a
single step as the bar slid off the end of the pin,
with no indication that a series of terraces was
formed during progressive movements of the bar
relative to the pin.

¢c. Part 3 of the National Bureau of Standards report (Reference
19) discusses the results of fractographic analyses of the fracture
in eyebar No. 330 performed with the scanning electron microscope and
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Figure 10 - Detail of Burr on Eyebar No. 33 after Polishing
and Etching (NBS Photo)
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the use of microprobe and x-ray diffraction techniques to identify
the nature of the deposits on the crack surfaces. The principal
conclusions of this work were as follows:

d.

posts are covered in Part 4 (Reference 20).

(1) Cracks appeared to have initiated in the rather
hard material on the surface of the pinhole.

(2) Microprobe analyses indicated the presence of
more than normal amounts of sulfur compounds in the
crack surface. This indicates that sulfur bearing
gases such as sulfur dioxide or hydrogen-sulfide in
the atmosphere may have penetrated into the cracks
and caused them to grow by the stress-corrosion
cracking process.

(3) The cracks propagated along the carbide structures
within the material, probably by a combination of
stress-corrosion and mechanical loading effects.
Figures lla and 11b indicate the marked difference

in sulfur levels on the surface of the pre-existent
crack and on the surface of steel in the interior
which was freshly exposed.

(4) During the conduct of the studies of the mechanism
of crack propagation, the Bureau of Standards also

made some limited tests to examine the stress-corrosion
cracking susceptibility of the eyebar steel. A portion
from eyebar No. 330 was used for this test.

This specimen was approximately 2" x 2-3/4" x 3/16" and
had one concave face, since it came from the end of the
specimen block next to the pinhole. This specimen was
subjected to a static bending moment by a three point
loading fixture so as to produce a maximum tensile
stress of 113,000 psi on the outer fiber. After 60
hours of exposure to a solution in which H,S gas was
dissolved, a black corrosion product {(presumably iron-
sulfide) formed, most intense at the area of highest
stress., The specimen was returned to the corrosion
cell for an additional 49 days and, after this exposure,
exhibited extensive cracking. These cracks were most
numerous in the area of highest stress and were found
to extend to a depth of at least 0.033 inches below

the surface.

The investigations of the chemical composition and mechanical
properties of the A7-24 steel of the trusses, hangers, and chain bent

Specimens were cut from

the 13/16-inch thick gusset plate at joint U7N and from the 5/8-inch
thick web of the channel from the north Ohio chain bent post. The



(@) Freshly exposed steel surface
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(b) Near lip of pre-cxistent crack

Figure 11 - Micro-Probe Evidence of Sulfur (NRS Fhotos)
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test program consisted of chemical analyses; metallurgical examina-
tions; tension tests for yield, tensile strength, and ductility; and
Charpy impact tests to assess notch-toughness. The general results

of these investigations are given in Appendix B. In general, the
material met the specifications for A7-24 steel, the detailed require-
ments of which are also indicated in Appendix B, The '"15 foot pound
transition temperature' for pieces from the various elements and with
indicated orientation with respect to rolling were as follows:

U7N gusset plate (longitudinal specimen)....... .80°F
U7N gusset plate {transverse specimen).......... 92°F
North chain bent post (‘ongitudinal specimen)...74°F

The major conclusions of this work arc as follows:

(1) This material meets the requirements for A7-24
steel called for in the specifications for the Point
Pleasant Bridge.

(2) Variations of properties are noted for material
taken from different thickness members, but these
were all within the specification range.

(3) This material was operating well below its

"15 foot pound transition temperature' at the time
of collapse of the structure (at 30°F.) such that
fractures could be propagated at low energy levels
compared to those required for propagation in the
ductile range. The 15 foot pound transition
temperatures for material of different thicknesses
were all in the upper end of the range of service
temperatures at which the structure was required to
perform, although the transition temperature for the
chain bent post material was lower than that of the
thicker gusset plate material. This was attributed
to the finer grain size associated with the thinner
material and higher manganese content of the post
material in comparison to the gusset plate material,

e. Part 5 of the National Bureau of Standards report series
(Reference 21) discusses the examination of a sample of hanger material
designated as 12C, which was obtained from the upper end of the hanger
at panel point 17 in the north truss and which had a cleavage fracture
surface on its upper end. The cleavage fracture extended across the
1-1/4 inch x 6 inch hanger bar at an angle of about 75 degrees to the
longitudinal axis of the hanger. Chemical and mechanical tests on
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samples removed from the lower end of this specimen indicated that its
composition and properties were typical of the other A7-24 materiel in
the structure (See Appendix B). The examination of the cleavage
fracture surface showed that it had propagated from a pre-existent

crack in the southwest corner of the cross section, that the propagation
of the crack had occurred at high velocity and apparently under the
influence of a high loading rate. Two photographs of the fracture
surface are given in Figures 12a and 12b. The pre-existent crack sur-
face was metallurgically examined and found to be decarburized and to

be characterized by rather large grain size.

This crack area also showed evidence of tightly adhered particles of
both aluminum and orange colored lead paint. An analysis of these
paint particles was conducted by the FBI laboratory. The report of

the laboratory is included as an appendix to Reference 21 and indicates
that:

(1) The fracture surface in this area includes small
areas of both aluminum and orange colored lead paint
which the evidence indicates to have been deposited
when wet.

(2) The composition of aluminum paint on the fracture
surface corresponds to those on the outer layers of a
total of three layers found on the area of the non-
fractured outer surface of the specimen. The orange
paint in the fracture surfece corresponds with the
lowest of five layers on another portion of the outer
non-fractured face. These findings were the subject
of lengthy discussions within the working group,
since the presence of paint in this region of the
fracture surface would appear to indicate that the
pre-existing defect extended to the outer surface and
might have been a crack large enough to be observed
during inspection or painting operations.

The possibility that this fracture acted as a "trigger"
producing shocks on the eyebar chain was considered.
The distortion of the cross section of the specimen,
however, indicates that the fracture occurred at a time
when there was considerable torsion as well! as tension
on the member. The narrow faces of the bar are dis-
torted at an angle of about 3-1/2 degrees with respect
to the normal to the wide faces.

At the time of preparation of this report, communications from the
National Bureau of Standards indicated that the cleavage fracture
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(a) Normal view showing paint in upper left

and
longitudinal crack in center

(b) Oblique view showing evidence of torsion

Figure 12 - Cleavage Fracture in Hanger Ul17 - C17 N

(NBS Ph,tos)
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in hanger C19-Ul9 north contained no pre-existent crack and showed
evidence of both bending and high strain rate.

f. In the further pursuit of fractures in the structure which
might have occurred prior to the fracture in eyebar No. 330, a careful
examination was made of the cleavage fracture in lower chord member
L12-L13 of the north truss (Reference 22). This was one of two such
cleavage fractures within this panel length of the lower chord and
occurred some six feet from the connection at panel point L12N. The
fractures in the two channels composing the lower chord at this point
both originated at rivet holes where lacing was attached to the member
and were therefore staggered by approximately 8 inches. Metallurgical
examinations showed that these fractures had originated in small
pre-existent cracks at the edges of the rivet holes (See Figure 13a).
The fracture surface showed clear evidence of a high rate of loading
and of crack propagation, with branching or secondary cracks extending
into the material below the plane of the fracture.

Some unusual small reflective specks (See Figure 13b) were noted within
the fracture surface of the south channel of the pair. Microprobe
analyses indicated that these reflective specks contained both lead and
calcium., Although there was speculation that a tightly closed crack
may have existed in this area for some time prior to the collapse and
that lead may have migrated there from lead oxides in the paint by
virtue of the establishment of an electrolytic'cell," the metallurgical
and fractographic examinations contradicted and disproved this specula-
tion. They indicate that the entire fracture surface with the exception
of a small area near the origin was formed during the application of a
single load at a high loading rate.

g. A further report discusses the investigations of the rivet
failure in joint U13N (Reference 23). As mentioned above in the
discussion of the field investigations, the hanger connection at this
joint was pulled from the truss. This hanger connection is made up
of a pair of channels with reinforcing plates attached, through which
the pin at the lower end of the hanger passes, connected in turn to
two other channels known as diaphragm channels which were riveted to
the inboard and outboard gusset plates. Several of the rivets showad
unusual fracture surfaces and were, therefore, examined metallurgically
to determine the nature of these fractures,

Figure 14 shows the fractures in the group of rivets which fastened
this channel to the outboard or north gusset plate. The failure plane
was at the interface between the channel flange and the gusset plate.
Rivets A and B, which were the two lowest rivets in the joint show
rather unusual fractures. The metallurgical examination indicates
that the fractures originated in small discontinuities at the outside
surface of the rivets in areas that exhibited significant decarburiza-
tion. Fracture was by cleavage in these initial zones, but by mixture
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(a) Crack origin at rivet hole

(b) Reflective specks in south channel

Figure 13 - Cleavage Fracture in Chord L12 - L13 N (NBS Photos)
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of cleavage and shear as the fracture progressed through the cross
section of the rivet. No evidence of pre-existing cracks or flaws in
the rivets was found. The conclusion of this report states in part

"Strain-hardening of the rivets occurred as stress was
applied. In the process of fracturing, the energy absorbed
was evidently high and the fracture stress was higher than
the ultimate* strength of the material. Accordingly, the
fracture behavior could be characterized as being ductile.
It appears that fracture of the rivets resulted from over-
loading of the steel in the plastic range. The appearance
of the fracture profiles indicates a relatively high strain

rate."

h. A number of other minor examinations have been conducted by
the National Bureau of Standards laboratories. Significant data
resulting from these investigations are contained in the official

records of the investigation, as follows:

(1) Measurements of the deformations in the C13 heads
of eyebars No. 33 and No. 330.

(2) Miscellaneous metallurgical data on eyebar steel
and A-7 steel examined.

(3) Results of an attempt to identify pin CL3N by
"ballistic matching' of markings in eyebars and in
pins available,

2. Studies at the Battelle Memorial Institute (Columbus, Ohio)

The Battelle Memorial Institute was requested to conduct extensive
studies to supplement those c:nducted at the National Bureau of Standards

for the following purposes:

(1) To determine whether small cracks on the inside
surfaces of the eyebar pinholes existed in other eyebars
in the Point Pleasant Bridge wreckage.

(2) To assess the fracture toughness characteristics of
the two steels used in the structure in order to deter-
mine whether pre-existent zracks found in various members
by the National Bureau of Standards were of the critical
size necessary to induce brittle fracture at stresses
computed to have existed in the structure at the time of

collapse.

#*The author of the report apparently intended this to mean the static
tensile strength of the material.
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(3) To investigate the mechanismns by which small
initial cracks or defects could have grown to
critical size,

(4) To investigate the residual stress patterns
which were present in the eyebar heads due to the
combination of fabricating and heat treatment
prccesses and subsequent loading history.

The results of these investigaticas are presented in Reference No. 24,
"In<pection and EvaluatLion of Two Steels from the Silver Bridge."

a. Section l of the Battelle report describes nondestructive
test techniques applied to five eyebar heads then stored at the
National Bureau of Standards and to heads of twenty eyebars from the
wreckage of the Point Plegsant Bridge which were still at the
reassembly site or on the Ohio shore where they fell. Dye penetrant
techniques and magnetic particle techniques were used in the field
investigations, with inconclusive results. Thirty eyebar heads were
therefore burned off and taken to the Battelle laboratories at
Columbus for examination under more favorable conditions. After
cleaning and visual inspection, Zyglo dye penetrant techniques and
wet magnetic particle techniques were applied. The net result of this
program was that positive indications of cracks on the pinhole surface
were found in five of the eyebar heads.

b. Section 2 of the Battelle report describes the experimental
techniques employzd to determine the residual stress that existed in
typical eyebar heads of the Point Pleasant Bridge wreckage. These
residual stresses arise from the differential cooling which occurs
during the heat treatment process and also from the fact that some
of the material around the Pinhole is subjected to strains above the
yield point strain when maximum dead load and live load effects
occur in the structure. The residual stresses of the first kind
vary sharply with the distance from the outside surfa:es of the bar
where cooling was most rapid. The stresses of the second kind occur
with more or less uniform levels through the thickness of the bar,
but vary in magnitude from the pinhole surface to the outer circum-
ference of the eyebar head.

The laboratory used two techniques to assess the magnitude of these
residual stresses. Surface residual stresses were measured by the
application of strain gages to the surface and noting the changes

in strain produced by removal of small amounts of material directly
below the strain gage by careful work with a dental drill. The
second method was also destructive in nature and involved the removal
of a 2-inch wide slice of material by two parallel cuts across one
limb of the eyebar head, followed by successive removal of layers of
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material through the thickness of this slice (See Figure 15). 1In
general the results after the initial cuts (See Figure 16) show that
residual stresses existed at the edge of the pinhole which were as
high as 27,325 lbs. per square inch, with marked differences between
the residual stresses at the two faces of the bar. The patterns of
residual stress through the thickness were quite complex (See

Figure 17) and in general the magnitudes were highest in the sections
closest to the pinhole, indicating that stresses in excess of the
yield strength of the material had existed at this point at some

time during the life of the structure,

c. The next section discusses the investigation of the fracture
toughness properties from the point of view of the modern discipline
of fracture mechanics. The basic problem is to determine the parameter
Kic, the '"critical stress intensity factor" for the material, from
which the stress level at which a given flaw size can produce a
brittle fracture may be computed. Two types of specimens were employed.
The first type, a notch bend specimen two inches thick, eight inches
deep and thirty-six inches long, was tested as a beam at a temperature
of 0°F. and at room temperature (about 70°F.). The test arrangement
for the O°F. tests is shown in Figure 18. The specimen was wrapped
with foil over layers of steel wool, through which liquid nitrogen
was circulated to establish the proper test temperature. Three speci-
mens were tested at 0°F. and two at room temperature, all of which were
cut from the shank of eyebar No.330. "All specimens contained chevron
notches sharpened by fatigue cracking to about half the depth of the
specimen.

The surface-flawed specimens were made from 1" x 2" x 24" blanks cut
from eyebar No. 330, with the 2'" side parallel to the thickness dimen-
sion of the bar. Tab extensions were welded to the ends for engage-
ment of the loading grips. Each specimen was given a deliberate

flaw by means of electronic discharge machining at mid length and
across the center of the two-inch face. The flaw was then sharpened
to a fatigue crack by fatigue loading prior to the static tension

test in which fracture toughness data was obtained.

The results of these tests are summarized in Table 1, Complete data
are presented in Appendix B. There is good agreement between the
values of the Ky, parameter obtained with the two types of specimen.
All fractures were 100 percent 'flat' cleavage.

A computation of stress level to produce a brittle fracture with a
flaw the size of thc rrimary pre-existent crack in eyebar No. 330
(0.12" x 0.28"), using the minimum value of stress intensity factor
of 43.2 ksi Vin.' found for specimens at 32°Fahrenheit, indicates

that a unit stress of 88,000 psi is required. This is about 10 per-
cent above the yield strength of the material, but since no considera-
tion was given to the presence of the smaller secondary crack, it
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must be concluded that brittle fracture wasﬂpw~qible atr'a stress about
equal to the yield strength of the steel. yoo

The validity of these data was.confirmed later by a test of a full
scale eyebar head under loading conditions which produced ¢ strain
distribution ackoss one limb of the eye similar to that existing

in the prototype\structure under load. The purpose of this latter
test was to determine whether the type of fracture found ingfthe
lower limb of the C13 eye of eyebar No. 330 could have been produced
by static load alone. A static load test at room temperature of a
piece of the south eyebar from C9-Cll of the north chain, which
contained a crack similar to those found in eyebar No. 330, had been
conducted at the U. S. Steel laboratories. The fracture had shown

"an intermediate zone of ductile fracture between the pre-existent

crack and the zone of brittle fracture. The Battelle laboratories
were, therefore, asked to break a full scale eye at a temperature
of about 32° Fahrenheit.

The specimen for this test was prepared from one of the eyebar heads
in which the non-destructive test work had indicated the existence
of a pre-existent crack on the pinhole surface in approximately the
same location as that which produced the fracture of eyebar No. 330.
The general arrangement is shown in Figure 19. The left side of the
eye was severed by a saw cut. Two 2.74' diameter holes were drilled
on a line parallel to the longitudinal axis of the eyebar at a
location such that a tensile load applied through pins at these
holes generated a stress gradient across the right limbd of the eye
similar to that existing in the case of normal loading of the eye

in the chain. Strains along the expected line of fracture were

mopitored by bonded electrical strain gages.

On the first attemptat loading, in which a stress of 90,000 psi was
produced near the crack, no faitlire occurred. The specimen was
partially unloaded and sgain-zhecked by dye penetrant, It was found
that the.''crack" was actually a shallow surface defect. - An
artificial defect was therefore introduced by means of a hardened
steel wedge and then enlarged and sharpened by fatigue loading. At
the secnrnd attempt at loading to failure, fracture took place during
a partial loading imposed tc check instrumentation. The stress in
the vicinity of the crack was about 57,000 psi. Fortunately, all
instrumentation worked properly, so it was possible to measure the
flaw size (0.345" x 0.780") and to compute the effective critical
stress intensity factor, K;.. A value of 46.2 ksilIn. was obtained,
which compares closely witg the average value of 46.4 ksiVin.' at

32° Fahrenheit measured on the surface flaw specimens. No inter-
mediate ductile zone was present in the fracture.
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d. Three different possible mechanisms by which the critical flaw
in eyebar No. 230 night have grown to critical size were explored;
namely, fatigue cracking, hydrogen-stress-cracking, ard stress-corrosion.

The fatigue crack propagation rates were measured in dry laboratory
air, at room temperature, in dry air at 32 degrees Fahrenheit, and in
air moistered by a water spray. Results are presented in Figures 20a,
and 20b, which show the rate of change of crack depth per cycle versus
the stress intensity factor range for the imposed nominal stress range.
It can be seen that this measurc of crack propagation was virtually
independent of the temperature and environmental factors tested.

The nominal live load stress range in eyebar No. 330 was 12,500 psi

from dead load to full live load. However, the maximum live load

stress could be produced only by loading both lancs of the bridge from
end to end with the full design loading, a sitnation of rare occurrence.
A more typical maximum stress would probably be that associated with

the loading at the time of coliapse, which produced a live load unit
stress in the shank of the cyebar of 4900 psi. The range of stress at
the edge of the hole in the eycbar would be approximately three times

as much, or 15,000 psi. Computations based on the fatigue crack propa-
sation data indicates that to grow a defect from a small pit assumed
approxzimately 0.020 inches deep to a crack 0.100 inches deep correspond-
ing to the critical crack in eyebar No. 330 would require about 541,000
cvcles of such loading. This is equivalent to 37 cycles of such loading
per day for the forty years of life of the structure. The Battelle
report concludes that while fatigue might have been a significant con-
tributing factor, it was probably not in itself the primary method of
crack propagation.

Experiments were conducted to determine the hydrogen-stress-cracking
susceptibility of the eyebar material. This mechanism of crack growth
may exist in stecls processecd to a tensile strength level of the order
of 110,000 psi which are subjected to continuous loading above some
minimum level, and which are subjected to an environmment which contains
hydrogen which is free to diffuse through the lattice structure of the
steel. It was therefore necessary to determine whether the steel could
absorb enough hydrogen from the service environment and whether or not
the stress level was above the critical level. Surface flawed specimens
made of the material from the outer layers of eyebar No. 330, which
because of its hardness would be most susceptible to such cracking,
were exposed to four different environments:

Condition A: 4% by weight of sulfuric acid in distilled
water, plus a poison (phosphorus dissolved
in carbon disulfide). :
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Condition B: 0.004% by weight of - sulfuric acid in distilled
water, plus a poison.

Condition E-1: Hydrogen sulfide gas dissolved in wéter
by continuous bubbling.

Condition E-2: Same as E-1, except that the specimen was
coupled with a commercially pure aluminum
anode.

The charging currents established by these exposures were measurad.
Sustained loads applied ito the specimens produced stress intensity
factors between 26.4 and 45.0 ksi?\—fﬁj Hydrogen entry rates under the
same set of environments were independently measured by samples exposed
in a vacuum-permeation cell. The study showed that the steel without
pre-existing defects was susceptible to hydrogen-stress-nracking only
under severe cathodic charging conditions and high stress levels.

The investigators also made the following observations:

(1) The steel from the inside surface of the pinhole

was more susceptible than that from the outer surface

of the eyebar beczuse of the removal of the decarburized
layer in the machining of the hole, exposing the

harder material. Some of this material was extremely
hard (51 Rockwell C by conversion), due apparently

Lto localized cold riorking.

(2) There was considerable metallurgical variation
between specimens, which may account for some of /
the apparent gpéonsistency of results.

(3) There was an indication that the hardest layers
of steel were susceptible to stress-corrosion
cracking (not requiring the presence of atomic
hydrogen) in a hydrogen sulfide environment.

- Further investigations of the stress-corrosion cracking susceptibility
are reported in Section VI of the Battelle report. In these investiga-
tions, the emphasis was on the determination of the threshold value

of the stress intensity factor below which no stress-corrosion crack
propagation could occur in each of two environment:; namely, 100 per-
cent relative humidity air, and a solution of 0.5 percent hydrogen
sulfide and 5 percent salt in distilled water. Two types of specimens
were used. Six ordinary surface flawed specimens were exposed to

each envirofiment at various static stress levels to obtain values

for plotting curves from which the threshold value could be determinced.
"Wedge loaded" specimens were also tested in cach environment. This
form of specimen has the advantage that, as cracking proceeds, the
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_. stress intensity factor decreases. Thus, a point is reached where the
crack stops growing because the stress intensity factor falls below

the threshold value. The experimental set-up for these tests is shown
in Figure 21. The specimen itself is not visible in the photograph
since it is inside the plastic environmental enclosure, but the pins

in the loading device which apply the loads to the ends of a machined
slot in the specimen can be seen. This slot was about one quarter of
an inch wide and parallel to the direction of loading. Stress raisers
were initiated in the sides of the slot by a saw cut and were sharpened
to cracks by fatigue loading prior to the sustained static load test.

In this experiment, it was found that the material was not susceptible
to crack growth in 100 percent humidity air, but that it was quite
susceptible to crack growth in the hydrozen sulfide and salt solution,
based on data from the surface-flawed spacimens. The indicated
threshold value of the stress-intensity factor was 15 ksi.V in: The
wedge loaded specimens failed to show any flaw growth at the stress
intensities used, even in the severe environment. This was attributed
to the difference in microstructure in the material in the interior of
the specimen in which the "through the thickness' cracks were located.

Crack growth rates were also measured on the surface flawed specimens
and were found to be an exponential function of the stress intensity
factor. This implies that, for very long service lifetime, even very
small cracks would result in sustained load crack growth in this
hydrogen sulfide and salt solution environment. '

e. 1In Section V of the Battelle report, the resulir of fracto-
graphic examination and microprobe amalysis of one of the pre-existent
cracks on the pinhole surface of the Cll head cf evcoar C9-Cll, north
chain, south bar, are discussed. The portion of ey:bar head Cll con-
tainirg the cracks was cut from the eyebar at ihe iational Bureau of
Standards and shipped to the U. S. Steel laboratory. It was broken
open in the presence of representatives of U. S. Steel and Battelle
Memorial Institute, who were part of a special test group appointed
on May 23, 1969, to attempt to resolve the questior of what mechanism
of crack growth was responsible for extending such cracks. After
breaking open, one side of the fracture was retained by U. S. Steel
and the nther taken to Battelle for independent evaluation. The results
of the investigation of the fracture surface by the U. S. Steel
laboratory are discussed in the next subsection of this report, and
the report of the chairman of the task group, is discusced in Section V.

The examination of this fracture at Battelle disclosed the following:

(1) The origin of the pre-cxistent crack was a small
corrosion pit about 0.0l inch in diameter.
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(2) A black acicular oxide covered much of the pre-
existent crack surface.

(3) No distinct fractographic features such as fatigue
striations were found after the oxide was removed.

(4) Near the tip of the pre-existent crack, there were
many small branching cracks, suggesting that the
crack growth was by stress-corrosion cracking.

Area scans and line scans were made with the electron microprobe. In
the area scan work, the resulting x-rays emitted by elements on the
surface were displayed and photographed on a cathode ray tube. By
selective control of the x-ray detection, those due to separate
elements could be identified. This permitted the general distribution
of the elements in the crack fracture surface to be determined. It
was found that aluminum, chlorine, potassium, and sulfur were prominent
at the outer lip of the crack (the original pinhole surface), and
except for the aluminum and potassium, gencrally decreased in concen-
tration as one proced~d along the crack surface. Figure 22 shows the
pattern of concentration for suifur. An examination of the area near
the crack tip showed higher concentrat.cus of sulfur and chlorine

on the pre-existent crack sur’ace than on the freshly cracked ductile
fracture. Sulfur in the freshly cracked area was found to be identified
with eulfide inclusions in the metal. Line scans across the entire
crack and into the freshly opened surface confirmed this result. A
test to distinguish sulfide from sulfate ions showed that both were
present on the pre-existent crack surface. A chemical test using
sodium azide gave only a very weak indication of sulfide in the crack
surface, and no detectable indication in the freshly opened crack.

The conclusion of this study reads in part as follows:

"The crack morphology is quite typical of that normally
aszociated with stress-corrosion cracks. No evidence was
found to suggest that the crack may have been atsociated
with corresion fatigue. A pit near the mouth of the

crack was identified as the possible origin of the crack...
Also, the highest chioriue oconcenirations were found at
both tlie mouth and tip of the crack, whereas sulfur was
greatest just at the mouth of the crack... Examination

of the secondary crack in the eyebar corroborated the
work done by Lane et. al. on eyebar No. 330. The failure
mechanism was probably sulfide-stress corrosion. Hydrogen
sulfide in the atmosphere from industrial or exhaust gases
could have dissolved in moisture condensed on the bridge.
HyS could then react with the steels and form iron

sulfide in the oxide scale. Restricted areas where mois-
ture would remain for long periods would become sulfide
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500X 500X
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Figure 22 - Microprobe Area Scans at Site A

(Battelle Memorial Institute Report)
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concentration points. The presence of sulfides, by their
restriction of the H, recombiration reactions, would inhibit
the escape of hydrogen produced during corrosion from the
steel surface. Atomic hydrogen would diffuse to stressed
areas in the steel and cause cmbrittlement and eventual
failure. The role of the chloride ion probably was not to
initiate a crack by itself but to reinforce the corrosion
reaction thereby facilitating cracking in the presence

of st."

f. The final section of the Battelle report covers investigations
of the fracture toughness properties of the A7 steel, based on samples
oxtracted from the chain bent post at panel point zero, north truss,
Ohio shore, which was believed to be typical of the steel used in the
stiffening trusses.

It was doubted from the outset that linear fracture mechanics techniques
would be appropriate for use with this steel because of its ductility

at normal temperatures and static loadings. The first attempt to
determine the critical stress intensity parameter by use of a surface
flaw specimen confirmed these doubts. The fractures were accompanied

by much ductile deformation, and the nominal stress level at fracture
was 55,000 psi., well above the yield poirt for this material. A

second test at O°F. gave similar results.

Since it was evident that brittle fractures could be produced only at
high strain rates or at low tempcratures, the program was modified to
make use of the Charpy impact test to obtain the required data.
Although a conventional Charpy specimen and apparatus were used, the
tests were supplemented with special instrumentation which permitted
the measurement of the instantaneous loading imposed on the specimens
throughout the period of loading and rupture. This technique
permitted the detection of any plateau in the lcad-deformation curve
associated with ductile yielding prior to fracture. The results of
these experiments, together with the results of slow bend tests on
Charpy type specimens are displayed in Figure 23, The instrumented
Charpy tests were conducted at a temperature range from -120 degrees
Fahrenheit to +220 degrees Fahrenheit. The test points are those
associated with the solid lines on the figure. General yielding prior
to fracture was detected only for tests above zero degrees Fahrenheit
and are associated with the straight lineinthe diagram. It will be
noted that the loading at which general yield occurred, decreased from
about 2900 lbs. at zero degrees Fahrenheit to approximately 2300 1bs.
at 220 degrees Fahrenheit. The fracture of these specimens occurred
at higher loadings for the region above zero degrees Fahrenheit as
indicated by the upper solid line. Loadings were in general in excess
of 3000 lbs. at fracture. Below zero degrees Fahrenheit, fracture
occurred prior to any ductile yielding and at decreasing loads with
further reduction in temperature. The data indicar: a transition
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from ductile to brittle &racture behavior at about 0°F. for the high
strain rates associated-with the Charpy test, which are on the order
of 103 microinches/inch per second.

The dramatic change in the fracture behavior at essentially static
load rates in the slow bend tests are indicated by the dotted curve in
the diagram. For these strain rates, which are estimated at approxi-
mately 10-3 microinches/inch per second, the tramnsition from ductile
to brittle behavior occurs at much lower temperatures than those in
the dynamic Charpy test.

The Charpy impact data were also used to construct the conventional
transition temperature curve by plotting energy at fracture against
temperature. This technique of data interpretation resulted in an

estimate of 36°F. for the "15 Ft. Lb. transition temperature.'" Further
discussion of these results is deferred until they are compared with the re-
sultq from other laboratories in the analysis section of this report.

3. Investigations at U. S. Steel Applied Research lLaboratory

Tests and investigations at the United States Steel Corporation's
Applied Research Laboratory at Monroeville, Pennsylvania, were conducted
partly to obtain independent checks on materials properties, metallurgi-
cal and fractographic results, and also to study certain special prob-
lems. This work was conducted without charge to the Government by

U. S. Steel, functioning as a Party in Interest in the investigation.

a. The early test results of this laboratory -m the properties
of the eyebar and truss steel, as submitted to tle workinz group on
February 14, 1969, and supplemented on March 3, 1969, are included
in Appendix B. These include tests to determine chemical composition,
tensile properties, hardness variations through the thickness, and
Charpy impact test properties for the eyebar steel; and chemical
composition, tensile and Charpy impact properties of a sample of the
A7-24 steel. The samples of eyebar steel were taken from the C9 head
of eyebar C9-Cll north chain, north bar (designated C9) and the C11
head of eyebar C11-C13 north chain, north bar, (designated sample CO),
which was also known 2s eyebar No. 330. Supplemental results of tests
on another sample removed from the Cl3 head of eyebar No. 330, submitted
in May 1969, are also inciuded in Appendix B.

These results, in general, corroborate those obtained by the NBS laboratory.
Minor differences are discussed in the analysis section of this report. They
established that there were no significant difrerences in chemical
composition or mechanical properties between eyebar No. 330 and other

eyebars in the structure. The C13 head of eyebar No. 330 showed

slightly lower carbon, manganese and sulfur contents, but insignificant
differences in resulting mechanical properties. Hardness profiles

across the thickness and from pinhole surface to interior of the

/
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eyebar also showed results similar to those obtained by NBS. There
was a layer approximately 0.10 inches thick on each face in which the
Rockwell C hardness (obtained by conversion from Vickers diamond
point hardness, DPH) averaged about 24, then a layer extending to a
depth of about 0,40 inches in which the hardness was between 25 and
30, and followed by a gradual decrease of hardness toward the core
material at the center of the thickness, where the hardness averaged
about 21. This is a result of the slack quench obtained in the heat
treatment and the decarburization of the outer surface. The profiles
beginning at the pinhole surface show similar effects, but the layer
of apparently decarburized steel was either thin or absent.

The results on the A7-24 steel also corroborated the work at other
laboratories, indicating that its chemical composition and mechanical
properties were within the limits of the specifications for the
material, The 15 ft. 1lb. transition temperature, based on results of
Charpy impact tests, was between 50 and 70 degrees Fahrenheit,

b. A single slow bend test of a notch beam specimen was performed
at 32°F. to check the fracture mechanics parameters developed at
Battelle, The specimen of eyebar material used was somewhat smaller
than those tested at Battelle, being 1.82 inches thick, 5.80 inches
deep and about 28 inches long. It was tested in three point loading
on a span of 24 inches and fractured at a load of 21,100 pounds. The
depth of the notch and fatigue crack totaled 2,29 inches. The value
of the critical stress intensity factor computed from these results is
39.3 ksi.Vin.,' about_nine percent below the minimum obtained by Battelle,
which was 43,2 ksiz\G;:1 The indicated failure stress for the critical
flaw in eyebar No. 330 based on this lower value of the critical stress
intensity factor is 75,000 psi.

c. A careful examination of the depth of pitting on various
surfaces of the Cl13 head of eyebar No. 33 was conducted, in which the
pit depths were measured by noting the change of focusing adjustment
necessary for the microscope between the surface near the pit and
the bottom of the pit. The results of this examination are summarized
as follows:
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Number Average Pit Maximum Pit
Surface of Pits. Depth, in. Depth, in.

Two inch wide strip, pinhole
to outside edge, south face '
Half inch nearest hole 31 0.014 0.038
Remainder of surfaces 7 0.008 0.013
Two inch wide strip, pinhole
to cutside edge, north face
Five inches nearest hole 60 0.027 0.053
Outer four inches 42 0.049 0.105
Pinhole surface (normally in
contact with the pin)

First 6/16" from north face 4 0.0045 0.006
Next 9/16" from north face 27 0.005 0.007
Next 10/16" from north face 51 C.006 0.008
Remaining 6/16" to south face 23 0.0075 0.012

d. Referemce 25, "Examination of Point Pleasant Bridge Eyebars,"
dated May 18, 1970, reports the studies conducted by U. S. Steel as a
part of the work of the special task group appointed to investigate
the mechanism by which the crack in eyebar No. 330 grew to critical
size. The specimen was taken from eyebar C9-Cll north chain, south bar,
which contained a tight crack similar to the pre-existent crack in
eyebar No. 330. As noted in the discussion of the work by the Battelle
group, this specimen was broken open by a static load to extend the
crack at the USS laboratory. The gene.al appearance of the piece
retained by USS for examination is shown in Figure 24a. Four distinct
regions were noted in the fracture surface, designated A, B, C, and
D in Figure 24b. When first examined, the black oxides in region A
were noted to be wet with water. An attempt was made to measure the
pH, but there was not sufficient water for a valid reading. Within
five minutes, the surface was dry. This region marks the limits of
the crack originally in the piece.

Zones B, C, and D were formed when the specimen was loaded to failure.
Zones B and C were both gray in color, but zone D was light in color,
and a zone of definite fast fracture.

In addition to examination of all regions by fractography using the
scanning electron microscope, the material present in zone A was
checked for the presence of certain elements with the x-ray spectro-
scopy attachment, by electron probe analysis, and by x-ray diffraction
techniques. The black oxides were identified as iron oxides

(Feqy0, and possibly Fe;04), and other particles in this region contained
calcium, silicon, chlorine, aluminum, and sulfur. The calcium and
silicon werc frequently associated, and most sulfur indications were
associated with mangangse, indicating that these particles may have

becen manganese sulfide fromthe underlying steel. An azide test for
detection of sulfide was conducted on zones A and D. Both zone A

and zone D gave moderate indications, with that in zone A being somewhat
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Figure 24a - Appearance of Freshly Opened Crack in Eyebar Steel
Figure 24b - Fracture Regions in Freshly Opened Crack in Eyebar Steel




more pronounced. The degree of reaction, however, was no greater than
that found on other corrosion products found on steel exposed in rural
atmospheres where hydrogen sulfide is not believed to have been present,
indicating that the positive reaction noted may have been the result

of manganese sulfide originally in the steel.

The scanning electron examination of the fracture surfaces of zones B
and C showed that these were fractures of ductile-dimple type, whereas
zone D was flat cleavage. Apparently the original crack (zone A) was
extended through the transition zone (zone C) as a ductile fracture
during the slow bending load until it reached critical size, resulting
in the fast cleavage fracture of the remainder, except for zone B.
This zone had a more favorable microstructure. The existence of the
ductile zone C raised qucstions as to whether the lack of such a zone
in the critical fracture in eyebar No. 330 indicated that this fracture
might have been caused by forces other than a static load alone.

This led to a decision to attempt to fracture a full scale eye con-
taining a crack at 32°F. at Battelle, as described above.

Further examinations of typical cracks were made. An attempt to
examine one in Battelle specimens BTL-15, where work at that labora-
tory had indicated a crack existed, failed because no crack could be
found. A mounted sample from the NBS laboratory which had been cut
from eyebar No. 330 along a plane perpendicular tc the fracture was
carefully examined to check the nature of the propagation of secondary
cracks roughly parallel to the primary crack of the fracture itself.
These cracks were found to be relatively straight and unbranched,
transgranular, relatively blunt at the tip, and filled with corrosion
product. All of them started at pits on the original pinhole surface.
A photomicrograph of the tip of one of these cracks which was about
0.01" from the fracture and which peretrated about 0.03" is given

in Figure 25a. The different appearance of the branch cracks emanating
from the primary fracture is shown in Figure 25b. Even those cracks
showed some corrosion, most likely due to environmental exposure

after collapse of the structure. ‘

The author of the report expressed the opinion that the cracks starting
at the pinhole surface showed evidence more characteristic of corrosion-
fatigue than of stress-corrosion, due to the fact that they conform

to the behavior typical of the former type of propagation; namely,
initiation of the cracks at pits or trenches in the surface, trans-
granular propagation, and relative absence of branchirg. This
observation was at variance with the opinions expressed by both the

NBS and Pattelle laboratories, and resulted in a meeting of the special
tgsk group which is discussed in Analysis.

4. Laboratory Tests at Structures Laboratory, Fairbank Highway
Research Station, Federal Highway Administration

Two typer of laboratory studies were conducted by the Structures and
Applied Mechanics Division, Office of Research, Federal Highway
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Administration. The first of these developed basic data on the
fatigue properties of the eyebar stcel (Reference 26) and the second
corsisted of scale model tests of a portion of the eyebar chain in
which the possible modes of separation of joint C13N were investigated
(Reference 27).

a. The results of the fatigue tests are summarized by *he data
presented in Figure 26. This figure shows the relation between the
stress range (the change of stress between minimum and maximum loads)
and the number of cycles to produce a fatigue fracture. As is customary
in such data interpretation, the number of cycles to failure is pre-~
sented on a logarithmic scale. It is significant to note three specific
points on the line of best fit to these data. Namely, (1) the indicated
numbers of cycles to failure if the stress range were equal to the full
50,000 lbs/sq. in. allowable stress is 10,000 cycles; (2) a stress
range of approximately 45,000 lbs./sq. in. would carry about a million
cycles prior to failure; and {3) a stress ranmge of 15,000 1lbs./sg. in.,
which is probably typical of that which occurred near the edge of the
eyebar hole indicates a life in excess of one billion cycles.

The specimens for these fatigue experiments were prepared from eyebars
salvaged from the wreckage of the Point Pleasant Bridge which appeared
to have suffered least damage from the collapse and subsequent salvage
operations. The form of the specimen used is shown in Figure 27. It
will be noted that the original surfaces of the eyebar form the narrow
edges of the specimen, and that these edges were left in their natural
state. Inspection of a number of the fatigue fractures obtained in

the experiment showed that these fractures invariably originated on
this original bar tace, and usually at the location of a small corrosion
pit. Where large corrosion pits were responsible for the fracture,

the number of cycles to failure was typically lower than the curveof
best fit for all data. Control tests on tensile specimens cut from
material from the same eyebars showed an average of 79,000 1lbs./sq. in.
yield strength and 116,000 lbs./sq. in. tensile strength, indicating
that the material used in the fatigue experiments was typical of
material examined by other labor- .ories and of eyebars Nos. 33 and 330.

b. The scale model tests were performed to resolve the question
of the sequence of events in the separation of ‘oint C13N. In test A,
a brittle fracture was induced in the eyebar corresponding to prototype
eyebar No. 330, the north bar connecting Cl11N and C13N. In test B,
an attempt was made to cause the eyebar corresponding to prototype
bar No. 33 to "walk off" the pin by carting the pin at an angle of
approximately 0.5 degrees and imposing a loading regime patterned after
the prototype deadload and liveload variations. Comnlete details on
the two tests are covered in Reference 27. A general view of the test
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arrangement is given in Figure 28. The model consists of joints C15,
Cl3, and Cll of the eyebar chain at 1/5 scale. Eyebars connecting
joints Cl1 and C13 were machined from the midthickness and midwidth
of eyebars salvaged from the wreckage. The other eyebars and fixtures
in the model were machined from a modern high strength steel of similar
strength properties, Careful attention was given to scaling the
tolerances in the fabrication of the pinholes and pins to insure simi-
larity of fit. Loading was applied by means of servo-hydraulic
actuators. Strains were measured at selected locations around the
pinhole in the eyebar corresponding to prototype No. 330 and on both
faces of all eyebars in the model at midwidth and midlength.

In test A, a small deliberate defect was introduced at the edge of the
pinhole in model eyebar No. 330 in the location at which the pre-
existent crack was found in the prototype eyebar. This deliberate
defect was produced by a sawcut through the thickness of the bar at

this point 1/32 of an inch deep, with a kerf width of 0.007 inches. It
was subsequently sharpened to a fine crack by loading with a {iuctua-
ting load of 20,000 lbs., and was grown to a length of 0.020 inches
prior to loading to failure. The failure load was provided by automatic
control systems which increased the load linearly from a base loading

of approximately 1/3 of the expected failure load to the capacity of the
system or a specified maximum in about three seconds. ‘he actual failure
load for the model was 104,290 lbs., corresponding to a nominal unit
stress in the shank of the eyebars of 55,400 lbs./sq. in. Stresses at
the root of the fatigue crack were above the yield strength of the
material. Events during the failure were photographed with a motion
picture camera operai.ng at 1,000 frames/second. Figures 29a and 29b
show two of the critical stages of the joint separation. In Figure 29a
the brittle fracture in the lower limb of the C13 he-"d of model eyebar
No. 330 has just occurred. In Figure 29b, which is 1021 frames later,
the ductile fracture in the upper limb of this eyebar has beer completed
and eyebar No. 33 has just slipped off the opposite end of the pin.

The deformation and the appearance of the fractures in the model parts
bear a remarkable resemblance to those of the prototype parts salvaged
from the wreckage. Figures 30a and 30b show the comparison between the
model and prototype pieces which fractured from eyebar No. 330. The
only distinguishable difference between these pieces is the direction
which the fracture in the ductile side of the failure traveled after
reaching approximately the midwidth of the section. It will be noted,
however, that there is a crack in the prototype part which corresponds
to the direction which the fracture followed in the model after
reaching this point. Subsequent investigations of the mating piece

of the wmocel eyebar showed a similar crack extending in the initial
direction of the prototype fracture. Model eyebar No. 33 also dis-
played a similar burr very much like that observed on prototype eyebar
No. 33, although it was somewhat larger in relation to the thickness
of the bar. Scratches on pinhole surfaces also resemble those of the
prototype elements.
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Figure 29a - Model Eyebar Test A at Instant of Brittle Fracture
in Lower Limb, Model Eyebar 330,

Figure 29b - Model Eyebar Test A at Instant of Final Separation

of Model Eyebar 330. (This photo is 1, 021 frames

latier than Figure 29a; approximately 1. 021 seconds later.)
(Federal Highway Administration Photos)
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Figure 30a - Outboard Fragment of Eyebar 330, Test A Model
(Federal Highway Administration Fhoto)

Figure 30b - Outboard Fragment of Eyebar 330, Prototype

(NBS Photo)
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When an attempt was made to simulate the second type of joint separation
it was found that eyebar No. 33 could not be forced to "walk" along

the pin with the loading regime corresponding to that in the prototype.
This was in spite of the 0.5 degree pin cant which had been introduced.
The dead load was reduced to one-half its proper value, but the eyebar
still did not walk. Only when the dead load was reduced to a very

small value was any walking of eyebar No. 33 along the pin produced,

and even then it was arrested before any portion of the eyebar hole
extended out beyond the end of the pin. Further attempts to simulate
the type B failure were, therefore, abandoned.

Some supplemental tests were conducted with a spare set of eyebars to
measure stress concentration effects and residual stresses produced by
application and release of loads. Strain gages were applied to the
outside face of the bar representing eyebar No. 330 along a line through
the center of the pinhole at right angles to the longitudinal axis of
the bar. These gages were 0.08", 0.23", 0.38", 0.54", 0.88", and 1.56"
from the edge of the hole on the lower limb, and 0.08", 0.81" and

1.55" from the edge of the hole on the upper limb, the .last gage in

each set being near the outer edge. The measured strains for a load
which placed a nominal stress of 16,000 psi on the shank of the bar
indicate (by extrapolation) a strain at the edge of the hole of 1600
microinches/inch for the upper limb and 1100 microinches/inch for the
lower limb. These strains correspond to stresses of 46,500 psi and
31,900 psi, respectively, assuming a modulus of elasticity of 29 x 106 psi.
The stress concentration factors are 2,90 and 2.00, with an average of
2.45. The difference between these factors in the upper and lower limb
is believed to be due to a difference in the transverse bending effects,
but this could not be confirmed because there were no strain gages on
the inside face of the bar.

A loading producing a unit stress of 36,600 psi in the shank of the
bar, corresponding to the dead load stress in eyebar No. 330, produced
strains of 4000 microinches/inch and 2600 microinches/inch at the edge
of the hole in the upper and lower limbs respectively. Both these
strains are above the strains of 2410 microinches/inch at the yield
strength of 70,000 psi appropriate to the material from which the

model eyebar was made, since this was cut from the core or inner layers
of a prototype eyebar. The initiation of plastic strain was also
indicated by the change in the strain concentration factors, which
became 3.17 and 2.06 for the upper and lower limb respectively. A
further increase in load to that which produced a unit stress of 46,200
psi in the shank of the bar raised the unit strains at the edge of the
hole to 6200 microinches/inch and 4300 microinches/inch for the upper
and lower limbs respectively. After release of this load, the strain
gage 0.08" from the edge of the hole in the lower limb indicated a
residual compression of 22,000 psi. Values at the edge of the hole,
estimated by extrapolation, were 37,000 psi for the lower limb and
59,000 psi for the upper 1limb.
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5. Investigations of the Possibility of Fretting-Fatigue by
Professor W. L. Starkey of Ohio State University

When the wreckage which fell upon the Ohio shore was disassembled,
Professor W. L. Starkey, under contract with the Federal Highway
Administration, was invited to examine freshly opened pin connections
in the eyebar chain to look for possible signs of fretting-fatigue.
Such a mechanism takes place when metal parts in contact under high
loads undergo very small relative movements which tend to break the
wmicroscopic asperities of the metal surfaces. These broken pieces
undergo corrosion, producing iron oxide, usually Fezo , which 1is very
hard and which occupies more space than the steel par?icle from which
it came. The presence of these hard particles, under great pressure
because of their own expansion and some small relative motion, produces
a grinding action between the two steel surfaces. If the movements
are latge, the particles escape; but if small, they are trapped and
result in the development of pits and then cracks perpendicular to the
mating surfaces. Professor Starkey's inspection of the freshly opened
joints, in his opinion, showed some evidence of such fretting action
near the "90 degree' positions of the hole, where a plane perpendicular
to the longitudinal axis of the bar through the center of the hole
intersects the hole surface. Pin surfaces were scored and there was

a reddish-brown oxide present (Reference 28). Professor Starkey also
believed there was evidence of fretting on the fragment of eyebar

No. 330 and on one of the pins.

In order to assess the possible importance of this observation, simula-
ted fretting-fatigue studies were conducted on material taken from the
Cll head of eyebar No. 330 and the shank just adjacent to this head.
The specimens were prepared in the shops of the FHWA laboratories from
blanks cut from the eyebar at the NBS laboratory. Before machining,
the ends of the blanks were checked for hardness by the NBS laboratory.
The material was found to be typical of other material in eyebar

No. 330 in this respect, with hardness between Rockwell C 20 and 25.
The 19 specimens themselves were tapered pins 4-1/4 inches long,

0.144 to 0.146 inches in diameter at the small end, 0.322 to 0.324 'inches
in diameter at the large end, with a Brown and Sharpe taper of 0.502
inches per foot. Collars of the same material were also prepared and
each test was conducted on a combination pin-collar set. A contact:
pressure of 5000 psi was obtained by forcing the pin into the collar
until a brittle lacquer on the outside surface showed initial cracking,
then forcing the pin an additional fixed distance. The reliability of
this technique was checked by dummy specimens in which the collars were
strain gaged to measure hoop stress. The specimen combination was placed
in a specially constructed rotating beam fatigue testing machine which
held the collar so as to support the tapered pin as a loaded cantilever
beam, thus causing minute longitudinal relative motions between the pin
and collar as the whole assembly rotated. An additional 19 standard
rotating beam fatigue specimens were also prepared and tested to get
basic fatigue data.



The results of these investigations, reported in February 1969
(Reference 29), show that the material of the eyebars was susceptible
to fretting-fatigue, and that such action could reduce the fatigue
life at a given stress range, as compared to rotating beam specimens
of equal initial surface finish, by about 17 percent, as indicated

by the S-N curves of Figures 3la and 31b. On a basis of these data,
Professor Starkey estimated that the material in the critical location
at the edge of the pinhole would have a life expectancy of about
200,000 cycles, assuming nominal stresses in the shank of the eyebar
to vary from 40,000 psi. to 50,000 psi. and considering the effects of
stress conccntration and fretting. However, he also pointed out that
the presence of water in the joint would contribute further to the
acceleration of fatigue damage by the mechanism of corrosion-fatigue,
possibly reducing the life by as much as 50 percent, thus approaching
the 73,000 cycles would correspond to five cycles per day for 40 years.
Professor Starkey concluded his report with the observation that the
static proof tests of the eyebars did not relate in any way to the
ability of the bar to sustain the high local stresses in the head over
a long period of time and under variations of load.

6. Static Tests of a Full-Scale Eyebar at Lehigh University

A tension test of a full scale eyebar removed from the wreckage on the
Ohio shore was performed at Lehigh University in April of 1969 at the
direction of the firm of Modjeski and Masters, consultants to the

West Virginia Department of Highways. ' The eyebar used had a nominal
length of 25 feet, 4 inches between pin hole centers, and was one of
the elements in the north chain between panel points 0 and 1., The bar
was loaded in the large universal testing machine by means of clevis
connections. The pins were 10 inches in diameter but were fitted with
sleeves made from one of the 11-1/2 inch diameter pins removed from
the Point Pleasant Bridge wreckage. The length of the pin between

the inside faces of the clevis yoke was 10-1/2 inches.

The eyebar was loaded in increments of 50,000 lbs. up to a load of
400,000 lbs., then by increments averaging about 100,000 1bs. until
some definite yielding was observed at 1,775,000 lbs. At this time,
load was reduced, then the extensometer was removed, Loading was
then applied and raised until a fracture was produced in the shank
of the bar near its midlength at a load of 2,450,000 1bs. This
corresponds to a unit stress of 112,000 psi. in the shank of the
bar. Analysis of the data from the test indicated that the actual
yield load was 1,650,000 1lbs., corresponding to a unit stress of
76,040 psi. in the shank. The percent of elongation measured over
an 18 foot gage length was 8.54 percent. The reduction of area

at the fracture was 30,55 percent.

Both faces of one head of this eyebar were extensively strain gaged
to assess stress concentration factors under load. The stress con-
centration factors averaged 2,64 on the left side of the hole and
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2.62 on the right side, measured at a total load of 600,000 1bs. in the
bar. Considerable variation was noted at different load levels and at
the opposite faces of the_ eyebar, indicating some departure from ideal
geometry of pin fit, The range of stress concentration factors varied
from a low of 2,33 to a high of 2.93, all based on the nominal stress
in the shank of the eyebar. \

STATUS OF BRIDGE INSPECTION AND MAINTENANCE

The Federal-Aid-Highway Act of 1968 required the Secretary of
Transportation to establish standards to provide for the prover safety
inspection of bridges in the Federal-Aid-Highway system, and to establish
a program designed to train employees of the Federal government and of
state governments to carry out such inspectioms.

In March 1968, the "Informational Guide for Inspection of Highway
Bridges" (hereinafter referred to as the Guide), developed by thke Bureau
of Public Roads in cooperation with the American Association of State
Highway Officials, was distributed to all states, to all counties, and to
2,400 selected cities in the United States. The Guide requested that an
inventory of all highway bridges be furnished in two lists, for use in a
two-part program for bridge inspection by each jurisdiction. The basic
division is for bridges constructed prior to 1935 and tl.ose constructed
later. Bridges of certain critical categories are included with those
constructed before 1935, The Guide recommended that each authority
undertake an immediate action program to inspect all bridges in the first
category not later than November 1, 1968, With respect to the second
category, it was recommended that those bridges be inspected not later
than January 1970, .

In January 1969, Committee 3, National Study to Assure Bridge Safety,
of the President's Task Force on Bridge Safety, issued its report, including’
a compilation of bridge information submitted by states, counties, and cer-
tain cities. Information in that report showed that 34 states met the
November 1, 1968, deadline, and that 43 states planned to meet the ,
January 1970 deadline. The report also stated that 17 states had previously
established bridge inspection programs, and chat the other 34 states had
initiated or revised their inspection programs. As of October 15, 1970, al-
most all states had completed inspection programs for all highway bridges
under their jurisdiction. ;

s

/

In its interim report in October 1968, the Safety Board rgéommended
that the Department of Transportation make available the product of the
Federal-Aid-Highway Act of 1968 and the Guide to the owners d¢f approximately
330,000 bridges and related structures not on the Federal-Aid-Highway System.
Those bridges are owned, inspected, and maintained entirely by state, county,
or city authcrities, or bty private concerns. As a result of the detailed
inventory monitored by the Federal Highway Administration in 1968, the
number of bridges not on the Federal-Aid System was revised upward to total
approximately 39£,000 of the overall total of 563,500 highway bridges in the
United States.
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The Committee 3 Report states that it is particularly noteworthy that
343,000 of the total of 373,000 bridges on county secondary roads, rural
roads, and city streets were built prior to 1935. The burden of any
corrective actions required will fall almost entirely on the state or local

governments.

The Federal H' uway Administration has disseminated or made available
copies of the Guidg to the owners of all highway bridges in the United States.

With respect to the bridge safety requirements of the Federal-Aid-
Highway Act of 1968, the Department of Transportation has taken the following

action:

1. Issued the Guide, which contains bridge inspection information,
to the owners of most highway bridges.

2. 1Issued the Committee 3 Report in January 1969 containing a bridge
inventory, status of state and local inspection programs, and the status
of railroad, toll, and Federally owned bridge safety programs.

3. Issued a Bridge Inspector's Training Manual in July 1970.

4, 1Issued the '"National Bridge Inspection Standards' as proposed
rulemaking on September 24, 1970.

5. Conducted training symposiums in all of the nine Federal Highway
Administration Regions for state bridge maintenance personnel and Federal
employees assigned to bridge inspection responsibilities. In addition, the
American Association of State Highway Officials issued in July 1970 its
""Manual for Maintenance Inspection of Bridges.'

The Safety Board has been advised by the Department of Transportation
that the widest possible distribution will be made of the manuals, standards,
and regulations developed in compliance with the Federal-Aid-Highway Act of

1968.
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IV, ANALYSIS

This section will interpret the field and laboratory investigations
with respect to the following questions:

(1) Did the structural steels of whicn the Point
Pleasant Bridge was constructed meet the specifica-
tion requirements, and was the particular steel in
members found to contain critical fractures in any
way unusual?

(2) What were the actual stress levels in critical
locations as opposed to the conventional primary
stress analysis based on the assumption that the
structure is a pin connected, linear elastic system?

(3) Was the brittle fracture in eyebar No. 330 the
event which initiated the collapse, and have all
other possibilities been 2liminated?

(4) Is the sequence of collapse based upon the
assumption that eyebar No. 330 wac the initial
fracture consistent with the observed types cf
damage, the positions in which the wreckage fell,
and the testimony of witnesses?

(5) What was the mechanism by which the crack in
eyebar No. 330 grew to critical size?

(6) Were the assumptions made in the design of the
bridge consistent with the best practice in 1926,
and what are the implications of these assumptions
in light of today's knowledge?

(7) What questions and observations does this
investigation raise with respect to the safety of
other bridges? ‘

A. The Properties of the Steels in the Point Pleasant Bridge

Two types of steel were used in the main superstructure elements of
the Point Pleasant Bridge. The trusses, hangers, towers, and floor
system members were fabricated from the common carbon structural

steel of that era, manufactured under A,S.T.M. specification A7-24,
The eyebars of the chain were made from a special steel of the

U. S. Steel Corporation which had been developed a few years earlier
and had been used in the eyebars of one other bridge at Florianopolis,
Brazil. This steel was basically a heat treated ''1060" carbon steel.
The eyebars were tested for compliance with the manufacturer's
specification as approved by the designers.
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1. A summary and comparison of the chemical compositions of the
steel taken from portions of trusses, hangers and chain bent posts
ac obtained by the several laboratories is given in Table 2, along
with the limits placed upon these elements in the ASTM specifica~
tions, where applicable. It is to be noted that the ASTM specifica=-
tions for A7-24 steel placed only upper limits on the two elements
sulfur and phosphorous, and that all samples tested by both NBS and
U. S. Steel met this requirement.

2. The results of tension tests for the steel taken from trusses
and chain bent posts are given in Table 3, together with the limiting
values of those properties which were list:d in the ASTM A7-24 specifica-
tion, and some typical values obtained by others for steels rolled in
the same era to these specifications., The following features of the
ASTM A7-24 requirements should be noted:

(1) An acceptable range of tensile strengths was
specified; namely, 55,000-65,000 psi.

(2) The yield point, as determined by '"drop of
beam" technique was required to be at least 50
percent of the tensile strength, but not less than
30,000 psi.

(3) Percent elongation was specified to be not
less than 22 percent measured over a 2" gage
length,

It is apparent that the data from both laboratories is in good agreement
and indicates that the steel is within the specification requirements.

No requirement for fracture toughness was included in the A7-24
specification, but three of the participating laboratories ran series
of Charpy impact tests to obtain such data on this steel. These
results showed appreciable variability, probably due to the different
locations and thicknesses from which the samples were taken. A
comparison of some of the transition temperature curves is given in
Figure 32. The corresponding '15 foot pound transition temperatures'
are shown in Table 4.

Regardless of the differences in the data from the various laboratories,
it is apparent that the A7-24 steel in this structure, when at the

32°F. temperature which existed at the time of collapse, was operating
below its transition temperature. At this temperature, all of the
laboratories obtainred Charpy values below 10 foot pounds, with an
average of about 7 foot pounds. This would indicate that the steel

at this temperature had low energy absorption capacity for loads

applicd at high strain rates compared to that exhibited at room tempera-
ture or above. The instrumented Charpy tests conducted by Battelle
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showed that high strain rates in the presence of a mild notch could
produce brittle fracture at temperatures of about O degrees Fahrenheit,
as compared to -230 degrees Fahrenheit for the same specimen configu-
ration with slow loading rates. In spite of this, the material showed
reasonable resistance at slow load rates in the presence of a sharp
crack at room temperature, as evidenced by the ductile fracture in the
surface-flawed specimen tested at Battelle in an attempt to obtain the
critical stress intensity factor. A repeat test of the same type at

0 degrees Fahrenheit showed essentially *he same result,

3. Chemical analyses were conducted on samples of the eyebar
steel by both the National Bureau of Standards and the U. S. Steel
laboratories. A summary of the results is presented in Table 5. It
will be seen that these results are in excellent agreement, Tue
carbon content was appropriate to '1060 carbon steel," and the
control of sulfur and phosphorous was adequate. The analysis of the
Cl3 end of eyebar No. 330 shows no significant differences compared to
other specimens, or compared to mill tests on sample eyebars macde in

1927.

4, The tests to determine mechanical properties of the eyebar

steel were extensive due to the fact that metallurgical examination
showed that there was a considerable variation in structure between
the surface and the interior of the eyebar, This material was heat
treated by heating to 850°-900°C, quenching in water, and then hLeating
at 600°-650°C for 2 hours. The nature of the heat treatment process
produced these variations due to the difference in cooling rates
and hardenability of the steel during quenching. The outer material
cooled most rapidly and formed martensite, which became mixed with
slack quenched products as the depth increased, and changed to primarily
pearlite and ferrite in the interior. These observations were made by
NBS, U. S. Steel, and the Battelle laboratories. These laboratories
also noted that the outer layer of martensite was decarburized near
the surface of the bar, usually for a depth of about 0.1 to 0.2 inches,
but to less depth in the pinhole surfaces where material had been
removed by machining. Some spheroidization of the carbides was noted
by both NBS and Battelle. Many checks of hardness were made to maintain
a careful control of the specimens used for mechanical tests, and care
was taken to separate the specimens taken from the different layers.
In the specimen plan established for checking the properties of the
eyebar steel, arrangements were made to ship adjacent specimens to
different laboratories in order to permit rel iable comparisons (see
Figure 5a through 5¢).

A comparison of the principal mechanical properties as found by the
various laboratories is given in Table 6. For the resilts of NBS and

U. S. Steel laboratories, where the properties of the outer layers

were measured separately from those of the irner layers, there is
excellent agreement, It will also be noted that the estimated effective
values of yield and tensile strength for the entire bar computed by



NBS by taking a weighted average (two parts outer layer plus one part
inner layer divided by three) agree well with the FHWA specimens which
extended through the full thickness. The data of N8BS and U. S. Steel
on the outer layers agree quite well with the results of the Battelle
specimens from this layer for yield strength, but the Battelle
specimens show somewhat lower tensile strength,

The data for steel taken from eyebar No. 330 shows no significant
difference with respect to the data for other bars. The values for all
bars tested, when weighted averages are taken to add properties for
inner and outer layers, fall within the specification requirement as to
ultimate strength (105,000 psi), and the elastic limit value of 75,000
psil was satisfied,

5. It is difficult to compare the data on fatigue characteristics
of this material obtained by the Battelle laboratories in their crack
growth studies with either that obtained by FHWA in tension tests to
failure of full thickness specimens or to those obtained by
Professor Starkey on small rotating beam specimens, The latter two
sets of data may be compared with each other more readily by reinspec-
tion of Figure 26 (FHWA) and Figure 3la (Starkey). The FHWA tests{
in general, covered a lower range of stress (closer to that which
existed in the structure) with a maximum range of 66,000 psi and a
minimum range of 42,000 psi. Starkey's specimens used full reversals
of stress varying from 80,000 psi to 57,000 psi, so that there is
actually no overlap with the FHWA work. At 60,000 psi stress range,
the FHWA curve is displaced considerably to the left (toward shorter
life), indicating a life of 160,000 cycles in comparison to the
240,000 cycles indicated by Starkey's data for a full alternating stress
of 60,000 psi. This is probably due to the fact that Starkey's specimens
were polished, whereas the FHWA specimens had the natural exterior
surface of the eyebar on two faces. These natural surfaces contained
corrosion pits and surface imperfections, so that displacement toward
shorter life in a manner similar to Starkey's fretting specimens
was to be expected (See Figure 31b). Below a stress range of 60,000
psi, Starkey assumed that an endurance limit existed for this material,
since he obtalned an extreme life of nearly five million cycles for
one polished specimen at a range of 57,000 psi. The FHWA data and
Starkey's data for pitted specimens do not exhibit such a tendency.

If Starkey's data for the upper part of his stress range were extended
in a straight line down tc an alternating stress of 43,000 psi, the
indicated life would be about 1,600,000 cycles. The FHWA specimens

for a range of stress of 43,000 psi, indicate a life of about 1,400,000
cycles with some possibility of an endurance limit just below this
‘level. -

A comparison of the fatigue crack growth rates obtained by Battelle
with the FHWA fatigue data is difficult for the following reasons:
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(a) The Battelle surface flaw specimens were so con-
structed that the initial flaw was on the side cut
from the interior of the eyebar, where the structure
1s pearlitic and softer than the surface martensite,
whereas the FHWA cracks initiated in the surface
material,

(b) No crack growth rates were measured in the FHWA
tests,

B. Actual Stress Levels in Various Components of the Structure as
Compared to Primary Stress Analysis

The stress analysis conducted by the designers of the Point Pleasant
Bridge, as was customary in that era, was a linear elastic analysis
for primary stresses only. The term '"linear elastic'" implies that all
members were assumed to function in such a way that deformation is
directly proportional to load. This condition is satisfied if all
members remain within the elastic limit and if the deformations in the
structure under load do not make significant changes in the equations
of equilibrium. The first of these conditions is almost exactly
satisfied, except for very minor localized deformations in the joints.
The second condition is not satisfied in flexible suspension bridges
due to the fact that small vertical displacements change the moment
arm of the large forces in the eyebar chain to produce non-linear
effects.

The term "analysis for primary stresses only' implies that all joincs
in the truss as well as the real pin connections in the chain, are
free to rotate as load is applied, thus producing only tension or
compression in the members of the chain and stiffening truss system,
This assumption is commonly made in the analysis of trussed structures
even today, although it is well known that the rigidity of the actual
joints in the trusses and the friction in the pin connections of the
eyebar chain prevent free rotation of the ends of the connecting
elements, introducing bending stresses in addition to the primary
tension or compression,

Finally, the original stress analysis included a 30 percent allowance
in members of the floor system for dynamic stresses due to moving
vehicles, but it assumed that the loadings used in the design of the
stiffening trusses and chains were adequate to include any dynamic
effects which might be present in these elements.

A number of studies were conducted in order to assess the significance
of several refinements in the stress analysis as follows:

l. The field studies of the essentially identical bridge at
St. Marys, West Virginia, were used to obtain information which,
together with analytical studies, would permit an assessment of the
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actual level of stress in certain critical members in the system,
These studies were reported in Section III and are documented in
Reference 16,

Secondary stresses due to bending moments introduced in elements by
joint rigidity were checked at the connection of the chain bent post
to the chain bent girder, at the lower end of a typical vertical

truss member, in gusset plate U7N, and in the eyebar head at joint
Cll. The stresses associated with the measured strains at these
locations due to joint rigidity are not believed to have a significant
influence on the safety of the structure, since they were well within
the 10-15 percent of primary stress which is assumed in setting the
allowable stress levels for primary stress, '

Significant dynamic bending stresses were found in the hanger system,
but these were also a small fraction of the total dead load plus

live load stress for which the hangers were designed. The eyebar
chains also showed significant dynamic strain effects for a rapidly
moving test vehicle as compared to the strains produced by the same
vehicle moving at a slow crawl speed., These results, however, are
fo: a single moving vehicle. With a large number of vehicles on the
span, the ratio of resultant dynamic effects to the static live load
stress would decrease, since it would not be likely that all of the
dynamic vehicle effects would be in phase.

2. A second possibility with respect to dynamic stresses exists
in the nccasional excitation of the structure by wind. Prior to the
public hearing of May 1968, computations were performed to determine
the natural mode shapes and frequencies of the Point Pleasant Bridge.
These were checked experimentally by mechanical excitation of the
St. Marys Bridge and were found to be in reasonable agreement with
the computations. The energy absorption capabilities of the structure
while undergoing oscillations were also determined experimentally for
each mode, and were found to be somewhat higher than usual for a
suspension bridge of this span length. This was probably due to
friction generated in the pin joints of the chain, which did show some
movements when moving loads were in the center span. On a basis of this
evidence, Mr., Vincent expressed his expert opinion at the hearings to
the effect that aeroelastic excitation of the Point Pleasant Bridge
for the condition existing at the site at the time of collapse was
highly improbable. It was noted that the wind velocity at the time
was only about six miles per hour and that the wind was blowing
parallel to the longitudinal axis of the structure.

This did not preclude, however, the possibility that winds blowing
transverse to the axis of the structure at various times during its
history could have excited oscillations which might have contributed
to a reduction of the life expectancy by producing cyclic loadings
in the eyebar chain,
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To check this possibility, additional computations were made tc examine
the susceptibility of this structure to aeroelastic excitation and to
assess the magnitude of stresses in the eyebar chain which might have
been produced during such oscillations, assuming that a suitable wind was
available as an excitation agent. The conclusions reached in this analysis
are to the effect that the relationships between the natural frequencies
of the structure, the frequency of possible exciting aerodynamic forces,
and the energy absorption characteristics of the structure make such
excitations improbable, and that even if they were excited, the high
energy absorptions would limit them to small amplitudes such that stress
level in the eyebar chain would be insignificant.

This conclusion is consistent with history of the structure since there
are no reports or records of any instances in which the structure had
developed large amplitude oscillations of the type required, which would
have probably resulted in at least the temporary closing of the
structure. Persons using the bridge have commented to the effect that
ft "vibrated quite a lot." Witnesses who were on the structure at the
time of its collapse were in some disagreement as to whether the vibra-
tions then were any different from those they had felt previously.

Among those who were commuters using the bridge on a daily basis, most
indicated that the bridge always vibrated as much as they experienced

it doing the day of the collapse. An analysis of the witnesses' testimony
indicates that these were probably short period vibrations (0.1 to 0.3
seconds per cycle) and not of the longer periods associated with general
excitation of the deck structure.

3. Some of the laboratory work was directed at obtaining a
reliable estimate of the actual level of stress at the edge of the hole
in a typical eyebar in a location where the fracture of eyebar No. 330
initiated on a plane through the center of the hole perpendicular to
the axis of the bar. It was well known at the time of the design of the
Point Pleasant Bridge that stress concentrations existed at such a
location. Theoretical solutions from the theory of elasticity and
experimental solutions by photoelastic techniques had been obtained
(References 32, 33, and 34), in which it was found that the stress at
this point would be about 2.77 times the nominal stress in the shank

of the bar,

The actual stress level at the critical location would be different
from that found by this solution for the following reasons:

(a) The geometry of the head assumed in the references
cited was somewhat different from that of the Point
Pleasant Bridge eyebars.

(b) The special geometry of the hole, which in the
Point Pleasant Bridge eyebars was bored 0,005 inches
larger than the nominal pin diameter on the bearing
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side and 0.0312 inches (1/32) larger than the pin
on the non-bearing side, with the center for this
side of the hole offset 1/8 inch.

(c) The sensitivity of the results to pin fit.

(d) Pin deformation, especially bending, tending to
make stresses on one face larger than the other,

(e) Residual stresses in the eye prior to loading.

(f) Stresses under load which exceeded the yield
strength, when considered together with the presence
of the residual stresses.

The work at the Battelle laboratory demonstrated that residual stresses
due to the heat treatment process could be as much as 20,000 psi. 1In
general, there were compresuive stresses near the bar surfaces and
tensile stresses in the interior. This pattern was altered at the pin-
hole due to the removal of material after the heat treatment by the final
boring of the hole, probably resulting in some relief of the surface
compression.

Upon erection of the eyebar in the structure, the gradual application of
dead load would raise the stresses across the section of the eye in a
pattern veryclose to that indicated by the elastic theory, with the
stress at the edge of the hole approximately 2.8 times the nominal, Since
the nominal dead load stress in the shank of eyebar No. 330 is 36,000 psi,
the unit stress at the edge of the hole exceeded the yield strength when
between 70 and 90 percent of dead load had been applied, depending on

the level of residual compression which existed at this location as a
result of heat treatment. In any event, the £first time the shank of

the bar came up to full allowable stress of 50,000 psi due to the
appiication of full live load with unfavorable temperature conditions,
there must have been a considerable depth of material at the edge of

the hole stressed to yielding. The stress level in this material would
still probably be less than the yield strength of the material measured
at 0.2% offset, since the strain pattern across the section could not
have changed radically. Stresses on the order of 85,000 psi therefore
appear likely, in spite of the fact that pin bending might have caused
higher strains on one face than the other.

These general observations are confirmed by the FHWA tests on model
eyebars cut from the interior layers of the actual eyebars, which would
have been essentially free of residual stresses, and by the full scale
bar tested at Lehigh University which contained residual stresses due

to the relief of loads which had been on the bar in service., The FHWA
model tests gave somewhat lower average stress concentratioun factors,
since the material around the hole had not been strain hardened by prior
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loading. In both cases, the experimentally determined stress concentra-
tion factors were high enough to indicate yielding at the edge of the
hole under the action of deed load stress alone. It is therefore likely
that the material at this location was cold worked by having been
strained well in excess of the yield strain sometime during the life of
the structure, with subsequent 'elastic" behavior up to this level and
an increased susceptibility to either stress-corrosion or corrosion
fatigue., The work of the Battelle laboratory confirms that there were
substantial differences in residual stress between the two faces of

the bar,

The range of stress at the edge of the hole was probably governed by
a stress concentration factor essentially that of the elastic case,
2.77. As discussed in Reference 2, the load history of the bridge is
not sufficiently well established to compute the number of cycles of
various percentages of full live load stress. The typical loading
conditions to produce various percentages of full live load stress in
the north chain are as follows:

100% Design stress - both lanes, maximum load full length of

bridge

75% Design load - north lane, maximum load full length of
bridge

50% Design load - both lanes, maximum load west end to
center

37-1/2% Design load north lane, maximum load west end to center
20% Design stress - north lane, mixed truck and auto loads, west
end to center
407% Design sctress - Actual load at time of collapse

The interim report (Reference 2) showed that the typical traffic in
1964 was a mixture containing only about 16 percent heavy vehicles.
Significant percentages of full live load design stress could therefore
have been produced only when traffic was halted and vehicles bunched
to the extent that actual loadings approached the design load. Under
these conditions, the dynamic effects of live load are probably
negligible. It would appear reasonable to assume that the loading at
the time of collapse was an upper bound to the peak live load which
might have occurred on the structure not more than 20 and 30 times

per day, or roughly 300,000 to 450,000 times during the 40 year life

of the structure. The stress range would be about 2.77 x 5,000 psi. or
13,350 psi. An ordinary fatigue failure is therefore not likely,

since a fatigue life of at least 1 x 109 cycles is indicated for such

a stress range.

C. The Mechanism of Collapse as Determined by the Process of Elimination

Referring again to the logic diagram of Figure 3, it is apparent that
all but one possible path in this diagram has been eliminated. The
items not previously eliminated at the first level are (1) dymamic
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effects of 1live load, (2) secondary stresses, and (3) fatigue from
wind induced oscillations leading to fatigue., The extensive experi-
ments oa the St. Marys Bridge have shown the first two to be incapable
of producing significant stresses in critical members. Computations
of the critical flutter velocity and the lack of reports of wind-
induced long period oscillations eliminated the latter,. '

1. On the superstructure defect path, all fractures in possible
critical locations in the stiffening truss were found to have been
caused by high strain rates, indicating that they occurred subsequent
to the initiation of collapse. The fracture in L12N-L13N, although it
contained evidence of a small pre-existent crack, also falls in this
category and therefore could not have been the initial fracture,

There were three failures in the hanger system which might have been
initiating fractures. The tearing out of the hanger connection at

U13N has been established to have occurred during the collapse after
some rotation of the hanger with respect to its proper vertical position.
It is believed to have been pulled out when the hanger, still connected
. to the upper pin Cl3N and the pair of eyebars extending from Cl3N to

the Ohio tower, acted with these eyebars as a linkage such that the fall
of the north leg of the tower pulled them into a straight line and
ripped the connection from the truss. The two hangers at panel points
17 and 19 of the north truss contained cleavage fractures, Paint was
found on the fracture surface at the upper end of hanger 17N suggesting
the possibility of a rather large pre-existent crack. The nature of

the fracture and the deformations of the member, however, established
that this fracture occurred under high strain rates and in conjunction
with a twisting moment on the member. Therefore, this fracture must
also be eliminated as possible '"trigger'" of the collapse, The fracture
in hanger 19N was also found to be associated with bending and twisting.

This le ads to the final path of the logic diagram on Figure 3. There
are several types of evidence which eliminate the possibility that
eyebar No, 33 slipped off or "walked off" the end of pin C1l3N. The
metallurgical examination of the burr at the outboard edge of the hole
in this eyebar failed to show any evidence of progressive terraces
which are characteristic of 'walking'" action. The fracture of eyebar
No. 330 shows little evidence of any bending moment perpendicular to
the planeof the bar, indicating that the pin could not have been
rotating with respect to this plane at the instant of failure. Finally,
the results of the FHWA model test in which the brittle fracture in
eyebar No. 330 was simulated produced fractures and permanent deforma-
tions remarkably similar to those found in prototype parts, whereas

the attempt to simulate the '"walk off' action, even with the pin canted
at about one half degree, failed. ’

2. The laboratory work at NBS located and measured the pre-
existent crack in eyebar No. 330. Fracture mechanics work at Battelle
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established that the stress level at which this was a critical size
flaw was just about equal to the yield strength for this material, and
a combination of stress analysis, model tests at FHWA, and full scale
eyebar tests at Lehigh University showed that such levels probably
existed at this location at the time of collapse. The fracture of a
full scale eye at Battelle at 32 degrees Fahrenheit established that a
cleavage fracture with no ductile zone could be produced in this
material with slow "static" loading rates.

3. The questions of what initiated the crack in this eyebar and
what mechanism was dominant in its growth to critical size are not
completely resolved. There is general agreement among members of the
working group that the crack initiated in a small corrosion pit on the
pinhole surface, Whether or not this pit formation was accelerated by
mechanical fretting is uncertain. Although Professor Starkey found
evidance of fretting on some pins and at some points on the hole surfaces
of eyebar No. 330, a positive identification of fretting debris with
the crack in the plane of fracture was not possible due to the exposure
of the fracture before laboratory examination. The most favorable
conditions for the development of fretting action were at the same
location as the most favorable location for the development of either
stress-corrosion or corrosion-fatigue; namely, at the point on the hole
surface on a plane through the center of the hole normal to the axis
of the bar, referred to as the "90 degree" position. This was favor-
able for fretting actiqn because at this point the greatest relative
displacement of eyebar hole and pin surface took place due to elastic
strains, combined with a reasonably high bearing pressure. It was also
favorable for stress corrosion because of the geowetry of the hole, which
provided a tapered capillary space at this point which could collect
and concentrate contaminants dissolved in rain water. It is believed
that fretting was a factor in the initiation of these pits.

The mechanism of growth of the pits to cracks of critical size was
first thought to have been clearly identified as a stress-corrosion
action on a basis of the early NBS work reported in February 1969
(Reference 17), although Professor Starkey had suggested corrosion-
fatigue in his report of February 28, 1969 (Reference 29), possibly
associated with further fretting action. Subsequent work at Battelle
supported the assumption of stress-corrosion, but the U. S. Steel
laboratory found evidence of transgranular fracture, indicating that
corrosion fatigue may have been involved. ‘

To resolve these questions, a task group was appointed by the Chairman
to open a fresh crack in a piece taken from eyebar C9-Cll (scuth bar

of north chain) without the use of cutting oils to avoid the possi-
bility of contamination. The laboratory work of that task group, which
included representatives of NBS, U. S. Steel, Battelle, and Modjeski

“
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and Masters, has been described in Section IIT C of this report. The
final paragraph of that report reads as follows:

"In summary, it was agreed that the small oxide-covered
crack which led to the rapid fracture of eyebar No. 330,
similar nearby secondary cracks, and similar cracks in
other eyebars were produced by a corrosion process. There
is supporting evidence that either stress-corrosion crack-
ing or corrosion-fatigue could be this corrosion process
although the limited data obtained to date are not
sufficient to draw a definite conclusion. In view of the
fact that no further eyebars with cracks are available,
fracture studies to more clearly establish the mechanism
of the crack propagation are not possible."

Subsequent to this report, the U. S. Steel laboratory used a special
picric acid etch to bring out the grain bourdaries more clearly in

a portion of the fracture in eyebar No. 330. An example of the result
is shown in Figure 33a and 33b. 1In the right photograph, the appearance
of the specimen after etch is shown. 1In the left photograph, the grain
boundaries detected by the investigator have been marked on an overlay.
This crack is clearly transgranular rather than intergranular, favoring
the mechanism of corrosion-fatigue.

The evidence supporting stress corrosion cracking is as follows:

(a) Continuous high stress intensity at or about
the yield strength of the material.

(b) Probable concentration of corrosive agents such
as hydrogen sulfide or salts in a confined space,
as indicated by the presence of the elements sulfur
and chlorine on the crack face, particularly near
the mouth of the crack.

(c) Some intergranular cracking is present.

(d) The material showed susceptibility to H%S
stress-corrosion cracking under concentrate ,

controlled conditions at stress leveis as low as
15,000 psi.

(e) Renge of stress (live load) was small, probably
about 15,000 psi.

The evidence supporting corrosion-fatigue is as follows:

(a) Some cracks in eyebar No. 330 are definitely
transgranular,
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Figure 33 - Relationship of Crack Propagation of Secondary Crack in Eyebar No. 330 to Grain Boundaries

(U. S. Steel Photo)
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(b) The material was cold worked near the hole surface,
increasing its susceptibility to corrosion-fatigue,
probably to a greater degree than its susceptibility

to stress-corrosion cracking.

(c) Contaminant concentrations in the field were low
relative to those used in the laboratory to establish
stress-corrosion susceptibility.

(d) A variable stress level was present, although it
was small,

If corrosion fatigue was responsible, it is logical to ask why such
cracks did not develop first in the eyebars between U0 and U7 of the
side span, where the range of live load stress contributing to fatigue
was much larger and the dead load stress related to stress-corrosion
cracking was smaller. The influence lines (see Figure 34) for these
~embers have negative segments for loads within the side span, due to
their participation in the stiffening truss. The member loads are
shown in Table 7.

It is also interesting to examine the probable frequency with which

these maximum design live load stress ranges will be reached. As noted
previously, the probability of 100 percent of design stress is quite
remote. The live load at the tire of collapse in eyebar Cl1-Cl3 was

only 237.3 kips, or about 41 percent of design live load. This was

due to a load extending from the west end of the structure to just

beyond the center of the main span. The load in bar U5-U7 at the instant
of collapse was only 142.5 kips, or about 17 percent of full live load
tension. For this bar, however, the range of stress was greater than

i1 Cl1-C13, since while the loads were accumulating only on the Ohio

side span, the stress was of opposite sign. The total load in the side
span was 125.1 kips or 330 1lbs/ft., which is 47 percent of design live
load and would have produced a compressive load in U5-U7 of about 200 kips.
Thus, the load range for this bar was 342 lips.

Loadings which did not extend very far into the center span produced
even greater differences in stress range. Moreover, trains of vehicles
which move continuously across the structure while maintaining a total
length about equal to the length of the main span would produce approxi-
mately 85 percent of maximum range (495 kips) in C11-Cl13, but 96 percent
of maximum range (120 kips) in U5-U7. Thus it would appear that the
general range of stress in U5~U7 would be about twice that of Cl1-Cl13
for any given probability of occurrence. This would reduce the

fatigue life by a factor of ten or more, or in other words, make the
occurrence of a fatigue fracture in U5-U7 ten times more probable.

It therefore appears that the stress-corrosion was tha dominant
mechanism. in spite of the fact that there is evidence
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of transgranular crack propagation. It is possibhle that the minor
fatigue action upset the normal preference of the stress-corrosion
mechanism for attack along the grain boundaries by creating localized
slip planes also susceptible to such attack, but this might be
considered a speculation.

D. Compatibility of Established Mechanism of Failure with Observed
Facts and Witness Testimony

The arguments in favor of considering the fracture in eyebar No., 330

as the event which initiated the collapse have thus far been derived
from fractographic and metallurgical evidence, together with analytical
determination of stress levels and conditions at the time of collapse.
Other fractures have been eliminated as initiating events by similar
evidence. There remains the question as to whether a failure
sequence"beginning with the fracture in eyebar No. 330 is compatible
with facts derived from th. general nature of damage observed in the
wreckage, the position in which the wreckage fell, and the observa-
tions of witnesses.

This section describes what is believed to be the sequence of events
during the collapse of the Point Pleasant Bridge, cites those observed
facts which support this sequence, and interprets the statements of
witnesses in relation to this assumed sequence. The detailed studies
of distortions, the directions of loadings which appear to have caused
these distortions, the fracture of various connections and the scars
and other impact damage in the structure upon which this analysis is
based come from many sources, but most extensively from the reports of
R. A. Hechtman and Associates (References 8 through 14) and the field
notes on the examination of wreckage prepared by the J. E., Greiner
Company (Reference 35).

1. 1t is helpful first to consider the deformations which
existed in the structure just prior to collapse, as developed in the
computer analysis prepared by the Bridge Design Review and History
working group. Using the data on distortions in the structures
produced by live load at the time of the collapse and a temperature
change for a 36°F., drop from 68°F., the following conditions appear
to have existed. The Ohio tower was essentially vertical due to the
fact that the westward movement of its top produced by thermal
contraction of the chain was almost exactly compensated for by the
eastward movement produced by the live loading. The West Virginia
tower was displaced slightly to the west at its top, probably on the
order of one or two inches. The Ohio side span was deflected
vertically at panel point 7 about 0.11" (0.71" downward due to loading
and 0.60" upward due to temperature). This distortion of the side
span produced a slight westward movement of the pin at panel point O
in the slot of the chain bent post. Computations show a westward
movement of 0.53" due to loading, but because of a 0.34" eastward
movement as a result of the température drop, the net movement is



only 0.19" to the west. This leaves a clearance of 0.81" at this
point. The main span was deflected vertically downward approximately
2.93" at midspan. The West Virginia side span was deflected vertically
upwards, The amount of this deflection was not given by the output

of the computer analysis but is estimated to have been on the order

of three inches. Similar consideration of the combined effects of
loading and temperature shows that there was a clearance of 5.49" in
the expansion joint at the Ohio tower and 12.24" In the expansion

joint at the West Virginia tower.

2. The discussion of the sequence of collapse will be arbitrarily
divided into seven steps. Time will be reckoned from the instant at
which the brittle fracture in the lower limb of the C13N head of
eyebar No. 330 occurred. The estimates of time are based on the computed
rate of free fall for those portions of the structure which lost essen-
tially all support after the final separation of eyebar No. 330.
Evidence found on tower wreckage is summarized in. Fig. 35, and damage to
trusses is documented in Appendix A.

Step 1 Time = 1.0 seconds

Results of the scale model tests of the eyebar joint at Cl13 indicated
that this joint did not become instable at the instant when the lower
limb of eyebar No. 330 fractured. Some short period of time, on the
order of a second, was required to complete the rupture of eyebar

No. 330 through the upper limb of its C13 head. This process required
1.2 seconds in the model test., Similitude relationships indicate a
somewhat longer time at prototype scale, but this analysis assumes that
the prototype time was also about one second, in view of the fact that
the prototype chain probably maintained its full load to a greater
degree than did the model, During this one second of time, there was
an extension of about three inches in the effective length of the chain.
It is assumed that the north leg of the Ohio tower moved slightly to
the east, permitting one third of this extension to be accommodated in
the main span and two thirds of it to be accommodated in the Ohio

side span. The resulting vertical deflections, computed from chain
length/sag relationships, indicate a vertical deflection of about

two inches in the center of the main span and six inches in the center
of the side span.

This deflection in the north truss of the Ohio side span had two
immediate consequences. First of all, it instituted a rapid increase
in the tension stress of the lower chord members of the north truss,
which momentarily carried a portion of the load by simple truss action
between panel points 0 and 15. It wasable to do so at this stage,
since there was still enough tension in the upper chord members from
UIN to U7N to compensate for tendencier to compression in these
members. Secondly, this deflection was large enough to result in a
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westerly movement of several inches of the pin at panel point 0. Since
this is more movement than the clearance in the slotted hoie can
accommodate, there was an immediate abnormal loading of the chain bent
post, producing a maximum bending moment on the reduced net section
through the pin. Computations of the strength of this post under such
loading conditions indicate that extreme fibers of this cross section
would reach yield strength stress levels for a loading of about

20 kips on the pin., The actual separation of the post at this cross
section shows very little evidence of yield except in the west splice
plate and in the splice angles connected to the northeast corner. It
is therefore believed that the rapid loading produced the observed
cleavage fractures in some of the thicker sections such as the west
channel flanges of this post at this early stage of the collapse.
However, the post probably remained attached at this stage by at least
the west splice plate and the east splice angles, because the loading
was displacement limited.

Step 2 Time = 1,2 seconds
Step ¢

At this point in time, the final fracture of the upper limb of the C13
eye of eyebar No. 330 permitted the pin at Cl3N to rotate about

a vertical axis, so that eyebar No. 33 slid off the south end of this
pin. A burr on the northeast side of the pin hole in this eyebar was
formed in the process (see Figure 9). In the model test, the eyebar
corresponding to No. 33 was given a considerable impulse to the south
at its C13 end as a result of this action, but did not come loose at
joint Cll. 1In the prototype structure, the retaining bolt at ClIN was
apparently troken, since the eyebar came completely free and was found
on the ground with its ClIN eye at about panel point 9 and its CIL3N
eye just below the water edge. The elastic energy released in the
failure of joint C13N could impart sufficient velocity to this eyebar
to account for its westward movement, but it remains a mystery as to
how it reached its final position in such a manner that portions of
the deck system, one vehicle, and the north truss lay on top of it.

It is possible that it fell in such a way that it punctured through
the deck and then slid to its final position,.

The separation of joint C12N completely released the tension in the
eyebar chain as far as joint U7N. Beyond this point, the relief of
the tension was not complete, since the shortening of the eyebars
caused them to pick up load as this shortening produced distortions
and westward movement of the truss, The total elastic energy avail-
able in the eyebar chain from point U7N to the anchorage was about
one half million foot pounds, If this had all been transferred into
kinetic energy of motion of the side span, it would have produced

a velocity of approximately 6 foot per second. However, neither the
north truss nor the floor system was free to move without restraint,
since they were attached to the south truss. The wind bracing system
and deck slab insured that the two trusses moved very nearly the
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same amount, differing on.y by the elastic distortions in these systems,
The south truss, in turn, was restrained by the south chain, which at
this stage of the collapse could still resist westward movement much

as an elastic spring, although such westward displacements were resisted
primarily by the distortion of the shape of the chainin the side and
center spans.

The sequence of events is believed to have been approximately as
follows. The sudden release of tension in the north eyebar chain,
traveling as a rarefaction wave at acoustic velocity (about 14000 ft./sec.)
from C11IN through U7N, the top of the chain bent post, and then to the
anchorage, reached that point in about 0.024 seconds. The first part
of the path, from ClIN to U7N, offered essentially no restraint. The
possibility that the chain pulled free of gusset plate U7N as the wave
reached that point was rejected in that there is clear evidence that
the eyebars from U7 to C9 remained attached long enough to indent the
stay plate on U7-U8 (see Reference 35, installment 1, page 2, 51, 57
and Reference 5, Exhibit 4J-3).

As the wave traveled from U7N to U5N, the eyebar pair shortened about
one inch, which resulted in the distortion of the truss in the triangle
USN-L6N-U7N, with high secondary bending stresses and possible partial
fractures at L6N. This process was repeated for the pairs of eyebars
U5N-U3N, U3N-UIN and UON-UIN, with resulting bending distortions and
downward deflection of L4N and L2N and pin rotation at LON, - The rate of
progression of the wave was slower than the acoustic velocity and the
relief of tension incomplete because of elastic restraints developed and
momentum transfered to the truss. The shortening of the eyebars between
the top of the chain bent post and the anchorage could not be accommo-
dated by mere distortion of the truss, but only by a movement of the
entire truss and deck system to the west. The forces required to
initiate this motion resulted in a slower rate of progression of the
rarefaction wave, and the establishment of some tension in elements

from U0 to U7. The chain bent post above the pin at LO was held
essentially vertical by its attachment to the diagonal LO-Ul and the
eyebar U0-Ul, sothat the westward movement of LO resulted in severe
bending of the post at this point, with westward tilting of the chain
bent cross frame girder below the deck. Both north and south chain

bent posts were involved in this motion, due to the lateral bracing

and floor system. A motion of about 2 1/2" at the top of the chain

bent post was sufficient to relieve the tension in the eyebar chain
extending from this point to the anchorage, but the motion continued

as a result of the momentum transferred to the whole side span system,
Assuming that 50 percent of the original energy in the north chain

were so transferred, it was moving westward at about four feet per
second, This motion continued until restrained by the buildup of
tension in the south chain east of the chain bent post, and the collision
of the chain bent frame with the approach span girders.
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This collision on the south end of the chain bent frame involved contact
between the cross frame girder and the outstanding leg of the eastern-
most stiffener on the south face of the south approach girder. The
south chain bent post did net collide with the approach deck slab, but
merely scrapped along its edge. At the north end of the frame, however,
the action was somewhat different. Here the chain bent cross frame
girder collided with the stiffener on the approach girder, but the

chain bent post also collided with the edge of the approach deck slab
with considerable force. The fracture of the north chain bent post

was apparently completed at this instant, except for the northeast
splice angle. In the extreme position of the post, the top was about
18" west of its normal position, allowing the eyebars west of this point
to drop at an abnormal angle, indenting the cover plate on the west side
of the post at the top (see Reference 35, installment 1, p. 27).

At the same time that these events were in progress, the portion of the
north truss east of panel point 7 was in essentially free fall,
restrained only by the limited ability of this truss to carry loads by
simple span action between LO and L15., It is assumed that enough ten-
sion remained in the elements from UIN to U7N to counteract tendencies
to compression. There was an initial rapid buildup of tension in the
lower chord as a result of this action, terminated by the shearing of
the toggle link at L15N due to the westward movement of the truss.

Some of the cleavage fractures observed in this lower chord may have
occurred at this time.

At the same time the main span of the north truss continued to fall.
In this span, a secondary mechanism for supporting loads by simple
span action of the truss between towers was rot available, since the
upper chord in the middle portion of the span consisted of the eyebar
chain, Without the original chain tension, these eyebars could take
very little load in compression before they began to buckle. The
main span north truss therefore dropped in essentially free fall,
inhibited only by the slight restraint offered by these eyebars prior
to buckling, and the inertia forces associated with the eastward
inclination of the north leg of the Ohio tower. The latter has been
computed and was found to be very small compared to initial chain
tensinn,

Step 3 Time = 1.5 seconds

The north truss of the Ohio side span began a general disintegration
east of panel point 8, The north chain bent post was fractured but
still holding by the splice angle at its northeast corner. The
portion of the deck btetween panel points 9 and 15 was in free fall.
The western half of this span of the north truss was now beginning
to move eastward, due to the restoring forces exerted by the south
chain,
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At about this time (see Reference 14), the bracing attached to the

top of the north leg of the Ohio tower separated. The combined effect
of the northward and eastward loadings of the south leg due to the
eastward movement of the north leg (about two feet at the top at this
time), and the now unbraced eccentric load exerted by the south chain
on the top of this leg, produced a bending and a fracture of the

south leg just above the portal bracing. This initiated a northerly
movement of the south chain, the fractured upper portion of the leg
pivoting just above the portal bracing.

The north side of the main span continued in essentially free fall,
but the portions east of about panel point 30 now developed a secondary
mechanism of load support. A deflection of approximately five feet at
panel point 30 eliminated the clearance which existed at the expansion
joint in the deck at the West Virginia tower. This permitted the
north truss and the chain connected from panel point 35 to the top of
the West Virginia tower to act as a 'tied cantilever." As displace-
ments continued, this cantilever action gradually picked up. load,

and at the same time lifted the north edge of the West Virginia side
span because of the restoration of tension in the chain and then its
increase beyond the normal value due to the dynamic application of
load. The computed static tension in the chain at the top of the
tower for such action is 1909 kips, which is very close to the normal
tension at this point (dead load plus collapse live load).

Step &4 Time = 1.7.seconds

At about this time, the top of the south leg of the Ohio tower was
some 15 feet north of its original position but had undergone only
very small eastward movement, This action exerted a northward
component on all elements in the Ohio side span and the main span
through the south truss, It also produced a bending moment around
the east-west axis in the south Ohio chain bent post at a relatively
slow rate of loading. ‘

Meanwhile, the north truss continuyed to fall but was pushed to the
north because of lateral loadings transmitted to it through the floor
system which was still attached to the south truss, The estimated
deflections of the north truss at this step are as follows:

Panel Point 7....c.evveeeescecccscosossassccsssssssecseees8 ft., downward
Portions between Panel Points 8 and 13.,........... 10-12 ft., downward
Main Span Portions West of Panel Point 30..............8 ft., downward
West Virginia Side Span Panel Point 51..........0......3 ft., upward

Step 5 Time = 2.0 seconds

At this time (1.0 seconds since the final separation of the chain at
C13N) the center of the main span had fallen approximately 16 feet at
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its north edge. The top of the north leg of the Ohio tower was about
eight feet east of its normal position. The north truss was generally
disintegrated between panel points 21 and 30. The portion of the
north truss between panel points 15 and 20 had begun to tear loose
from the chain due to the loss of support at the toggle link at panel
point 15. The portion of the truss east of panel point 30 was
momentarily restrained by its cantilever action from the West Virginia
tower and was deflected downward at its west end by perhaps five or
six feet,.

The top of the south leg of the Ohio tower was now about 30 feet north
of its normal position. The south chain was still intact and was
exerting strong northward components on the south Ohio chain bent post,
the south truss in the Ohio side span and the main span, and the

south leg of the West Virginia tower. The effect of this latter
compoaent produced a permanent bend in the upper portion of the south
leg of the West Virginia tower, the axis of the bending moment observed
in the permanent distortion above the portal bracing being approximately
along a northeast/southwest line., The northward component exerted at
the upper chord level of the central portion of the south truss in

the main span caused further rotation of the deck system in this portion
in a counterclockwise direction (viewed from the west).

The rortherly edge of the West Virginia side span was still being

pulled upward by the increase in cantilever moment exerted by the north '
truss in the main span, The south edge was beginning to fall due to

the reduction in eastwest tension in the south chain,

In the Ohio side span, the vertical deflection at panel point 7 of
the north truss had reached about 16 feet. The combination of the
eastward motion of the west half of the span and the rotation about
L0 due to the vertical deflection has again tightened the portion of
the north chain between the north chain bent post and the anchorage.
It is believed that very little cantilever moment was achieved, due
to the fact that the chain bent post was already nearly completely
separated at point LO. It is likely that the resultant shock, com-
bined with the northerly components of lateral force being exerted
on the north truss through the floor system and the northward twist
of the span, resulted in the final separation of the post with
sufficient westward velocity to account for its final resting place.
Since there is evidence (Reference 35, installment 1, p. 36) that the
bottom of joint LO struck something during the collapse, and the
northeast corner of the coping on the chain bent pier is damaged, it
is speculated that LO-L2 canght and pivoted at this point, throwing
joint L2 farther to the north, It is believed that the rupture of
the gusset plate at panel point UG7N also took place at this time due
to this shock, which also completed some of the partial fractures at
L2, L4 and L6N,
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The south chain bent post of the Ohio side span must have completed
its plastic bending failure to the north at about this same time,
since it struck the deck before the deck slab feil away. (Reference
35, installment 1, p, 21),

Joint L13N had fallen about ten or twelve feet at this time, and
joint UL3N had followed this vertical motion but had also moved three
or four feet northward due to the rotation of the deck at this point,
As the top of the north leg of the Ohio tower continues to move
eastward, the linkage formed by the hanger U13N-C13N, pin C13N and
eyebars CL3N-C15N pulled into a straight line, wrenching hanger
connection Ul3N from the truss, The direction of pull, relative to
the original position of the truss, was eastward and slightly to the
south of the vertical.

The portions of the deck between panel points L9 and L1l had now
fallen about 16 feet at its northerly edge. The resulting counter-
clockwise rotation of the deck, viewed from the west, was accelerated
by the northerly movemen“ of the south chain. The portion of the
deck from about L6 to L10 dropped enough so that what had been the
northerly end of the floor beams made contact with the ground. The
shock of this ground contact probably fractured the connections of

the floor beams to the south truss, allowing the south ends to drop

to the ground, each floor beam rotating about its ground contact point,
This resulted in this portion of the floor system coming to rest
considerably south of its original position. The portion of the Ohi.
side span floor system between L3 and L5 apparently sagged to the
ground with but little counterclockwise rotation viewed from the

west, It was, however, thrown to the north as a result of its attach-
ment to the south chain during the initial part of its fall. Joints
Ll, L2 and L3 were thrown even farther north, apparently because of
the pivoting of LO-L1 at the pier.

In the main span, the south truss between the Ohio tower and panel
point 21 broke loose from the chain by fractures in the hangers,
permitting the south side of the deck to follow the north side in
this portion with only slight counterclockwise rotation viewed from
the west. The center portion of the south truss in the main span
apparently remained attached to the chain during this phase of the
collapse and produced further counterclockwise rotation in the deck.

Step 6 Time = 4.0 seconds
-~

The collapse of the Ohio side span was virtually complete. During

step 6, the upper portion of the south leg of tne Ohio tower continued

to rotate to the north, dragging the scuth chain and the portions of

the trusses still attached farther :» the north., The north chain,
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by a coml-ination of this general northward movement and its own
northward movement due to the counterclockwise rotation of the deck,
struck the crotch of a tree just west of panel point 9, and about
10 feet north of its final resting place.

In the main span the loss of support from the south chain and the
digplacement of this chain to the north prevented the development of
effective cantilever action from the West Virginia tower. When the
south leg of the Ohio tower had rotated approximately 50 degrees to
the north, the south chain contacted the north tower leg or bracing
and a series of multiple fractures occurred in the south chain just
east of panel point 17. This was apparently followed by additional
multiple fractures in the eyebars of the south chain just west and
east of the West Virginia tower. This resulted in a complete loss

of support for the south side of the main span which might otherwise
have cantilevered from the West Virginia tower. The consequent over-
loading of the north truss east of panel point 30 produced multiple
cleavage fractures in the north chain just west of the West Virginia
tower. The entire east half of the main span was now free to fall
with but little rotation. Apparently additional multiple cleavage
fractures occurred in the lower chord of both trusses as ..1e west end
of this portion fell to the water, with the result that only the
three panels closest to the West Virginia tower remained intact.

Step 7 Time = 6 to 10 seconds

With the loss of the south chain just east of the West Virginia tower,
the south side of the West Virginia side span was free to fall.

The north side of this span was in a lifted position at this instant.
With the sudden loss of the north chain just west of the West iirginia
tower, the tower began rotating toward West Virginia, ramming the

Wesi Virginia side span violently egainst the West Virginia approach
span girders, This resulted in the shearing of the pins in the toggle
links at the West Virginia tower, and the rupture of both West Virginja
chain bent posts at the level of their connectior to the lower chord.
The north chain in the West Virginia side span was now also ineffective,
The westerly portion of this chain apparently remained attached to

the north leg of the tower long enough to impart a considerable clock-
wise rotation to the deck before it parted. This portion of the

deck, and the north stiffening truss, came to rest in the water with
the north face of the truss upward, It appears that the West Virginia
tower was the last part to fall into the water. It fell toward

West Virginia and slightly downstream of its normal position, portions
of the portal bracing landing on top of what had been the north edge

of the deck system,

Meanwhile at the Ohio end, the northward rotation.of the south tower
leg had reached its maximum extent so that the saddle was perhaps
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65 or 70 feet north of its original position. This caused a general
recking of the Ohio tower, and carried the south chain at panel
point 9 to the north close to a tree some eight or ten feet north

of its final resting place. The completion of the rotation of this
portion of the Ohio tower south leg below the horizontal position
apparently returned the south chain part way toward its original
position. Additional fractures occurred in the south leg as it _
struck the north leg again (Reference 14) and dislodged the saddle, :
which was now in an almost inverted position, depositing it on the
ledge at the north end of the Ohic tower pier footing. Further
evidence of this return motion of the south chain was observed in the.
vicinity of panel point 7, where it was obvious that it had been
moving to the south in its final motion, scraping a considerable
amount of earth ahead of it,

3. The testimony of witnesses wlio observed the fall of the
bridge from a distance is generally in accord with the sequence of
~ollapse discussed above with but a few exceptions:

Wesley F, Wears, who was at the City Ice and Fuel Company
dock about a quarter mile downstream on the West Virginia
side, stated in part: "... I turned around and looked and
saw the Ohio towers falling. The tower legs seemed to
twist counterclockwise (when viewec from the top) and fall
upstream and towards the center of the river. The center
span of the bridge broke in the middle and fell straight
down. It looked as though the cars on the center span all
fell with the bridge and looked like they were falling in
a funnel - some falling backward, some falling forward. I
didn't see any vehicles fall off the bridge - just fall
with the bridge. After the center span fell, the West
Virginia towers and span fell........the bridge was all
down in a matter of five seconds as I estimate it'"......
"None of the Ohio tower structure seemed to change shape
or bend as they fell," (See file of written witness
statements)

James Neil Britton, who was also at the City Ice and

Fuel dock, testified at the public hearing in May of 1968
(see pages 162-169 of transcript) in part as follows:

Y"As I was sitting there idly counting traffic, I noticed
the towers, which would be the Ohio towers, begin to
twist in a clockwise motion approximately one-eighth

or a quarter turn before they actually seemed to turn
loose and the floor of the bridge break, and then the
Ohio span over hLere collapsed, and in a simultaneous
motion it worked its way back to the channel span
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here with part of the bridge turning upside down and

over next to Pier 4 here which could be on the West Virginia
side. The bridge seemed to break in two and fall straight
down ..." and then '"this part here, which is the channel
span of the bridge, seemed to turn completely upside down,
partially, over to about where the center of the span would
be (panel 30) and then on farther back (panel 38 or 40 in
the record), it seemed to break in two and fall straight
down at this point. I would say within fifty or seventy
five feet of the towers here on the West Virginia side it
broke in two and fell straight down'" ....."It dropped
straight down with this portion of the roadbed here still
clinging to the pier here." (It is to be noted that under
subsequent questioning as to which way the Ohio tower
rotated, Mr., Britton confirmed that He did indeed mean
clockwise as viewed from above.)

The break in the main span just west of the West Virginia tower
observed by Mr, Britton could have occurred after failure of the
"cantilever" effect, since if a length of some 300 feet started to
fall with its east end supported at the tower, the inertia forces
do produce a maximum moment at about the one third point.

Other eyewitnesses were either at the intersection west of the Ohio
end of the bridge or at the traffic signal at 6th and Main Streets

in Point Pleasant at the east end., Neither of these positions affords
a view of the entire length of the structure. The testimony of these
witnesses 1is,however, in general agreement on the sequence of collapse.

One witness who was at 6th and Main Streets in Point Pleasant said
(written statement by Miss Lyda Smith) in part, "I saw the 'girders'
from the Silver Bridge start to fall upstream slowly. Then the
cement floor of the bridge (West Virginia side span) started to
hove up in the middle and then there was a flash of light overhead
on the electric wires." ....'"the bridge flooring beyond the approach
broke up into large cakes and buckled up." This is confirmed by
one other witness (Stephen K. Darst, transcript pp. 149 et. seq.),
who aliso noticed that the north eyebar chain in the West Virginia
side span swayed north and south several times, followed by the
south eyebar chain in a similar motion just before the collapse of
this part of the" structure

A summary of the experience of the survivors from vehicles which were
on the bridge at this time of collapse is presented in Figure 36,
With respect to vibration experienced before the collapse, there are
inconsistecnzies. Those near the Ohio end reported both vertical and
horizontal motions of the eyebar chain between the chain bent post
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and the anchorage. Those within the Ohio side span and the main span
reported feeling vibrations, especially from side to side, although
some who had used the bridge frequently did not think they were

unusual until just before the collapse. The witness in Vehicle No. 38,
who had started out onto the West Virginia side span, felt it was
shaking so badly she stopped and backed off to the approach span,
saving herself and others, This, however, was after the collapse had
begun. Many agreed that the vibrations became really noticeable after
the two east bound dump trucks passed them or approached them. These
trucks were moving at between 10 and 15 mph, and would have taken about
35 to 50 seconds to reach their position at the time of collapse after
entering the suspended portion of the structure at the Ohio chain bent.
It is the belief of the Board that most of the unusual vibrations
noted were due to the passage of these trucks, They were felt by the
people in the west bound vehicles because they were standing still on
the bridge. Many of them would not have had this experience before

on this bridge, since the traffic only occasionally backed up far
enough to place standing vehicles out on the span. Some of the more
violent lateral motions were undoubtedly associated with the early stages
of collapse.

The loud cracking and popping noises, presumably due to fractures, were
reported most frequently in the vicinity of the chain bent post,

panel point 7, and all the way over at panel point 39 (this one after
lateral motion began). These are possibly associated with the fracture
of the chain bent post, the gusset plate at U7N and fractures of
eyebars in the main span. The duration of noise during the collapse

is variously reported 8 or 10 to as much as 60 seconds.

The directions in which various survivors felt that their vehicles

fell is consistent with the sequence of collapse developed above. Those
closest to the Ohio chain bent post went down gently and rear end first.
Those farther out on the Ohio side span rolled to the north. Those in
the main span west of the center fell on the north side first and

rear end first. At the center the fall was to the right or north side
for west bound vehicles. The survivor of Vehicle No. 37 (F. Wamsley)
reported a fall to the left (also north side for an east bound vehicle)
and then straight down, There is some question about the position

of this vehicle just at the instant of collapse. Wamsley recalls no
cars ahead of him, a recollection supported by Charlene Wood who
remembered a "truck coming toward her." It is at variance with the
recollection of several other witnesses in the west bound traffic

who recall the two dump trucks "close together' or '"one car in between."
In any event, the divers found both trucks on the bottom near the

center of the main span, and four passenger autos within about

100 feet of the West Virginia tower. A position of Vehicle No. 37 at
about panel point 33 would be more consistent, and would also have
produced slightly higher stress in critical eyebar No. 330.
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People from vehicles in the vicinity of panel points 3 and 4 reported
an experience of a short drop, then a hesitation before complete fall,
This is compatible with the collapse sequence. Those who were on the
west end of the main span reported a momentary hesitation after a

fall of the upstream side of about three feet, but only momentary.

This could possibly be due to the gradual fall of these elements
followed by free fall after the fracture of hangers at panel points 17,
19 and 21,

Out in the middle of the main span, at about panel point 28 or 30, a
witness was able to get out of the back seat of a two door car between
the time it dropped the first three feet and the final fall., This is
possibly due to the fact that this portion held for several seconds
due to cantilever action of the north truss,

E. Status of Bridge Design Practice in 1926

Adequate interpretation of the evidence developed in this investiga-
tion requires a consideration of the status of professional knowledge
of the principles of bridge design which existed at the time of the
design and erection of the Point Pleasant Bridge in 1926 and 1927,
This portion of the report discusses some of the basic assumptions

and concepts which were in general use and widely accepted at the time
of the design of, the Point Pleasant Bridge.

1. In the design of large structures, as in the design of most
systems, there is no such thing as absolute safety. Even when the
completed structure is subjected to a so-called "prool loading,"
one cannot be certain that he has eliminated all possibility that some
rare combination of loading and/or environmental conditions may cause
a failure. What the designer attempts to do is to reduce the prob-
ability of failure to an extremely remote one by setting the loads to
be carried by the elements of the structure to some fraction of their
actual strength, The ratio of this computed load on the member to
its actual strength is sometimes referred to as the safety factor,
and the design specification for any particular structure attempts to
maintain this factor more or less uniform for all elements in the
structure. What constitutes a proper factor of safety for each class
of structure has evolved largely through experience and judgment
although in recent years attempts have been made to derive such
factors of safety on a rational basis,

In order to. select an adequate factor of safety, one must consider

the fact that his estimates of the loads to be imposed upon the
structure and the estimates of the strength of the individual com-
ponents are both subject to a range of error. The errors in esti-
mating the strength of the members are caused by variations in the
manufacture of the materials and fabrication and erection tolerances.
The latter affect both the cross section areas provided and the
geometric lines along which the loads are applied to the members. The
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loadings imposed are subject to errors arising from several sources,
One can calculate with great precision that portion of the load which
is produced by the weight of the structure itself (probably within
one to two percent error), but the loads imposed by external loads

of traffic and the environment cannot be determined with the same

precision,

There is obvious difficulty in estimating what types of heavy
vehicles we will be moving on our highways in the year 2010, which

is the came 40 year projection into the future that was faced by

the designers of the Point Pleasant Bridge in 1927. Besides the
difficulty of projecting the loads likely to be produced by individual
vehicles in the future, there is a problem of what combinations of
these heavy vehicles are likely to occur on the structure where the
influence of more than one vehicle is involved in the stress compu-
tations. For example, the maximum stress in the eyebar chain due to
traffic was produced when both lanes of the structure were loaded
over the full length of the suspended portion of the structure, It
is highly imprcbable that this full length would be occupied entirely
by vehicles of the maximum weight for which individual local elements
of the deck were designed. It is even more improbable that this
event could occur simultaneously with a temperature condition pro-
ducing maximum stress and with maximum stresses due to a wind blowing
at right angles to the stiucture,

The designer, therefore, must use careful judgment in deciding which
influences should be assumed to occur simultaneously and must make
appropriate reductions in the factor of safety for highly improbable
conditions. One further matter is involved Ln the establishment of
the actual factor of safety; namely, the precision with which the
stress analysis is conducted., The greater the refinement of the
stress analysis and the accuracy of estimating such factors as dynamic
effects of moving loads, the lower need be the nominal factor of
safety to achieve a given level of improbability of failure.

Systematic procedures by which all of these factors had been incorporated
into highway bridge design practice were fairly well established

by 1926. A nationally recognized design specification appeared in

1923, when the first edition of such a specification was issued by

the American Association of State Highway Officials. A similar
specification for railroad bridges had been issued in 1910 by the
American Railway Engineering Association. The basic procedure

consists essentially of four elements:

(a) An allowable working stress for basic tension
members is stipulated, usually in terms of a per-
centage of the elastic limit stress for the
material to be used (more recently in terms of the
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yield point or yield strength of the material),

(b) The establishment of standard loadings for
those loads which will act on the structure in
addition to its own weight. An attempt is made
in the establishment of these loads to project
likely trends for traffic loadings into the
future, and to estimate the extreme environmental
loadings such as those due to wind which have a
50 percent probability of occurrence within the
proposed lifetime of the structure.

(¢) The refirement with which the stress analysis
is to be conducted is either implied or stipulated
and the basis upon which the strength of members
other thar tension members is to be computed is
prescribed,

(d) The materials quality control which is believed
consistent with the other considerations is
stipulated, as well as the fabrication and erection
tolerances which control the degree to which the
behavior of the members correspond to the design
assumptions,

As an example of the above, the 1931 edition of the American Association
of State Highway Officials Specif: :stion for the design of highway
bridges stipulated a basic allowthie tensile stress of 16,000 pounds/
8q. in. for A7 carbon steel members for which the prescribed minimum
yield point was 30,000 psi., giving a nominal factor of safety of
1.87 against yielding. A somewhat higher unit stress of 24,000 psi.
was permitted for members subject to dead load only* Three classes
of loadings were specified for traffic. The heaviest class was
designated as H20 and consisted of a two axle 20 ton truck followed
by and proceeded by 15 ton trucks at 30 feet spacing. For elements
in the structure requiring the loading of more than 60 feet of
length, simplified loadings consisting of 640 pounds/linear foot/lane
were permitted together with sirgle concentrated loads of 18,000
pounds where bending moments in the member were being computed, or
26,000 pounds where the shearing stresses were being computed. The
introduction to this specification stipulates it is intended for
structures not in excess of 400 feet in length., This specification
reflected the practice of making reductions in the load as the
improbability of the load pattern increased. Section 5.2.10 of the
specification permitted load reductions of up to 25 percent on
roadways carrying four lanes of traffic when the occupancy of all
four lanes was required to produce maximum stress in the membez.

*Members carrying combined dead load and live load were proportioned
for the sum of the areas required for each of the prescribed unit
stresses, subject to the overload provision that a 1007 increase in
live load not produce unit stresses in excess of those permitted for
dead load.
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The specifications further provided for quality control requirements
for the type of steel stipulated, It provided that the computation
of stresses could be performed on the assumption that the structure
was linearly elastic, and stipulated the combinations of deaa load,
live load, dynamic and other forces which were to be considered in
the design,

Prior to the issue of the AASHO Specification of 1923, highway bridge
designers were more or less dependent on their own judgment in matters
which were later codified in the specifications. Some well recognized
guides existed in related fields such as the specifications for the
design for steel buildings by the American Institute of Steel Construc-
tion which was first issued in 1923, and the specifications for Steel
Railway Bridges first issued by the American Railway Engineering
Association in 1910,

2, The element of judgment was especially important for the
designers of long span bridges, since none of the existing codes or
specifications were intended to be applicable to such structures. As
a matter of fact, no nationally recognized code for the design of
long span bridges exists even today. There are three considerations
that place the design of long span bridge structures in a special class:

(a) The refinement with which the stress analysis is
performed is of great impoctance since these structures
often may not conform very well to the assumption that
they are linear and elastic in their response.

(b) The probability of obtaining maximum live load over
the full length of the structure is remote compared to
the probability of a similar situation on a shorter
span,

(¢) The proportion of the total stress in the main
supporting members, such as the cables or eyebar chain
of a suspension bridge, due to the weight of the
structure itself is much greater than it is for short
span structures, frequently accounting for 70-90
percent of the total load in such members.

The first of these special considerations requires that stress computa-
tions for long span structures be carried out with greater care and
that the indicated results from the assumptions of linear elastic
behavior be carefully examined for their validity and revised, if
necessary, by more refined methods which take into account the effects
of distortion in the structure upc: its internal equilibrium. in the
case of the Point Pleasant Bridge .esign, the stress analysis was
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carried out by a linear elastic procedure involving the consideration
of the elastic energy within the system. As noted in a previous
section of this report, this original analysis has now been thoroughly
checked by two independent groups and has been found accurate with a
few very minor deviations. There is no record to establish whether

the designers reexamined these results to consider the effects of dis-
tortion by applying the so-called "deflection theory" to the analysis.
For suspension bridges, however, the more exact deflection theory will
indicate lower stresses in the stiffening truss than will the linear
elastic theory, so that the use of linear theory tended to increase rather
than decrease the factor of safety in the structure. A simple check of
one loading case at one point in the center of the main span indicates
that the more refined analysis would have veduced the stiffening truss
chord stress by approximately 16 percent.

Both the second and third considerations make it feasible to raise the
allowable design stresses above those commonly used for short span
structures. This practice was and is common for stiffening trusses and
main supporting elements of suspension bridges.

The designers of the eyebar chain alternate for the Point Pleasant Bridge
selected an allowable stress for the eyebar chain of 50,000 psi. This
was approved by the consultants. This material was to be manufactured so
as to produce a minimum clastic limit of 75,000 pounds/sq. in. This
provides a nominal factor of safety on the elastic limit of 1.50. Such

a factor of safety appeared reasonable, in the judgment of the designers,
in view of the fact that approximately 75 percent of the stress in the
eyebar chain elements was due to the weight of the structure which could
be quite precisely calculated.

It is interesting to compare this factor of safety for the main support-
ing chain with those of other bridges designed during the same era. In
the design of the Florianopolis bridge in Brazil, D. B. Steinman used an
allowable stress of 46,500 psi. for an eyebar chain composed of essen~
tially identical material. This would yield a factor of safety on the
elastic limit of 1.61. The Florianopolis bridge, however, was designed

to carry both highway and rail loadings, resulting ir the dead load stress
being a slightly lower fraction of the total stress in the chain (approxi-
mately 70 spercent). The typical factor of safety used in the design of
wire cable bridges at the game period was from 1.5 to 1.7 based on the
yield strength.

Similar increases in the allowable stresses in the stiffening truss over
and above those common in short span bridges were customary for long span
structures. In the design of the Point Pleasant Bridge an allowable stress
of 24,000 pounds/sq. in. in ‘tension was used in a material (A7-24 carbon
structural steel) for which the stipulated minimum yield point was 30,000 psi.
This corresponds to a safety factor of 1.25 on the yield point. Steinman in
the design of the Florianopolis bridge usdéd a basic allcwable stress of
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18,500 psi. for a stiffening truss composnd of the same material. The
actual computed maximum stress for the Florianopolis bridge was 14,500 psi.
when the deflection theory was used to correct the computations performed
by the linear elastic assumption.

This comparison is, however, meaningless without consideration of the live
loads which were used in the design. The designers of the Point Pleasant
Bridge used a live load of 14,000 pounds/linear ft. of bridge plus a
42,000 1b. concentrated load for stiffening trusses, towers, and cables.
This is in excess of the 640 lbs./ft./lane for a modern H20 loading on

two lanes (as the structure was actually used), and no reduction was taken
for the improbability of obtaining such loads over the long loaded lengths
required for maximum chain loads or maximum stiffening truss bending
moments. Steinman used a live load of 2200 pounds/linear ft. for two
lanes of highway loading plus one lane of light railway loading down the
center lane of the structure. A reduction of this live load was used for
the design of the chains (1850 1lbs./linear ft.) in view of the improbability
of obtaining maximum loads over the full length of the structure. While
the selection of the design stress for the stiffening trusses for the
Point Pleasant Bridge appears to be somewhat high, it should be noted that
the consideration of the deflection theory reduces actual stresses by
approximately 16 percent below those indicated by the linear analysis on
which the design was actually based. Moreover, yielding of the stiffening
truss in a suspension bridge does not produce a collapse, since the truss
is not required for equilibrium. Such yielding would lead to large deflec-
tions so that the cable could distort to provide a new stable equilibrium.
This condition, coulad not, of course, be tolerated except in emergency
conditions, for repetitions of such events would quickly lead to serious
damage. There is nc evidence to indicate that the failure of the Point
Pleasant Bridge initiated in the stiffening trusses.

3. The problem of stress concentration was well recognized at the
time of the design of the Point Pleasant Bridge. Both theoretical and
experimental solutions for typical cases in machine design and structural
engineering were available. The classic solution for the stresses at the
edge of a circular hole in an infinitely wide plate subjected to uniaxial
tension was known to give stress concentration factors approaching 3.
There was, however, a general assumption that such effects could be
ignored except when highly brittle materials were used or in cases where
fatigue might occur. Castings of such materials as iron were provided
with generous fillets, and machine parts subjected to repetitive loads
were designed for conservative unit stress and detailed to avoid sharp

discontinuities where possible.

The structural engineering profession of that era assumed that these
effects, which were present around every rivet hole and every abrupt

change of section, could be ignored if:
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(a) The loadiggs to be applied were essentially static.
(b) Appropriate reductions of allowable stress were
made when large ranges of stress due to repetitive
loading were involved, especially when reversal of
stress was involved.

! U
oo

The first assumption was based upon the experimental evidence from tests
of such items as riveted joints, where local overstress and yielding
resulted in redistribution of stress and had little effect on the ultimate
load. The whole theory of design of riveted connections depended upon
this concept. A similar concept applied to the design of eyebars, where .
static tests also showed that a properly proportional head could develep
the strength of the'shank of the eyebar in spite of the stress concentra=-
tions at early stages of loading.

The "appropriate reducticns of allowable stress' for elements subjected
to repetitive loadings were determined either by experieuce or by labora-
tory tests, which showed that most structural metals then in use exhibited
an "endurance limit" stress level, below whici. it was immune to fatigue

failure.

These general assumptions are still in use today for such structures as
bridges and buildings of ordinary structural steels. Somewhat more

refined techniques are used in the design of pressure vessels, or structures
of high strength alloys or nonferrous metals.

Relatively little was known of the stress-corrosion-crack’:ng mechanism

with respect to the common structural steels used in bridges of that era,

or the role of hydrogen-stress cracking or corrosion~-fatigue for these
materials. Such fatigue mechanisms were beginning to be unders ood in the
high alloy steels and nonferrous metals, but even here the quantitative

data was limited. References 36 and 37 give some indication of the status of
knowledge in the early 1930's, some five years after the design of the Point
Pleasant Bridge. The state of knowledge at that time with respect to stress-
corrosion of mild steels is reflected in References 38 and 39, which deal
mostly with the benefits of deoxidatinn or "killing'" of steel to inhibit
intergranular stress=-corrosion.

Even tnday there is little data available for many of the steels which have
been tsed in bridge building over the past fifty years or are in common use
at the present time to make reliable quantitative crack g(owth predictions,
wher: such growth is due to either stress=corrosion cracking\gr corrosion-~
fatigue. Nor are there reliable data as to what constitutes itical crack
size for brittle fracture. Since many of the materials in que{E on possess
considerable ductility, it is even doubtful that the discipline of'.linear
fracture mechanics will be adequate for the determination of such critical
crack sizes, and new advances to extend these concepts will be required\
before sufficient insight will be obtained to interpre: flaws in these
materials. Y
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V. __ CONCLUSIONS

!

(Listed aft¢» conclusions are page numbers in this report
which contain facts leading to conclusions.)

The field and laboratory work conducted in this investigation,
toget*2r with the results obtained by the Bridge Design Review and
History and the Witness Groups, support the following coacluvsions:

A. With Respect to the Seaquence of Events in the Collapse of the
Point Pleasant Bridge:

1, The total collapse nf the structure required the failure of
some elemen% in the supporting chains or towers. The directions in
which the towers fell indicate that this failure was at the Ohio
tower or west of this point in the Ohio side span, and in the north
chain or its supporting elements. (93, 94, 95, 96)

2, Exanination of the Ohio tower wreckage showed no failure
in the north leg and the laboratory examination of the fractures in
the Ohio north chain bent post and gusset plate U7N showed these
fractures to have occurred from excessive or abnormal loads bcyond
those which were possible from the lcading on the structure just
prior to collapse. The only remaining failure in the chain or its
supporting elements in the Ohio side span which could have led to
collapse is a fadlure of some element in the chain itself. (20, 93, 94,

95, 96)

3. [he joint at C13N, the first joint in the north chain west
of the O%’%0 tower, began to separate because of the brittle fracture
in eyebar No. 330 (the northerly bar of the pair in the north chaia
connecting pins at joints ClIN and C1l3N. Subsequent to this
fracture, eyebar No, 33 (the southerly bar of this pair) slid off
the south end of the pin, causing complete separation of the north
chain at this point. (34, 70, 94) '

4, With respect to the brittle fracture in eyebar No. 33C, the
laboratory work has shown that:

(a) The small crack which existed prior to the
collapse was large enough to account for the
brittle fracture in the special steel of which the
eyebars were made at the stress level computed to
exist at this location, without any additional
dynamic effects. (47, 52, 95)

(b) This small crack probably initiated at a small
corrosion pit. (32, 68, 95)

(¢) The crack grew to critical size by the joint
action of stress-corrosion cracking and corrosion-
fatigue. The available eviderce is not sufficient
to permit a definite conclusion as to which
mechanism was predominant. (37, 54, 68, 94, 95, 96)
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5. The small size of the critical crack in eyebar No. 330, and
its location on the inside surface of the hole, precluded its being
found while the structure was intact, by the inspection techniques
used, or by any other inspection technique available at this time for
use in the field on heavy structures, without disassembly of the
joint. (7, 32, 46)

6.  The examination of other fractures which might have con-
tributed to the brittle fracture of eyebar No. 330 by producing shock
waves in the eyebar chain has shown that, although some of these
fractures occurred at points of additional pre-existent cracks in
the structure, there is snfficient evidence to demonstrate that these
fractures occurred after the process of collapse had begun, (39, 40; 42,

’ 45, 9%

7. The effect of surface corrosion (primarily ordinary rust-
ing) on the load carrying capacity of the structure was carefully
assessed by a corrosion survey of all main members at the reassembly
site. Although there was deep rusting of some secondary elements
such as stay plates, lgcing bars, anrd diaphragms, there is n¢ :indica-
tion that the net critical sections of main members were reduced in
cross section to the point where they were inadequate to carry the
intended loads or those imposed by the loading just prior to collapse. (22)

B. With Respect to the Elements Which Contributed to the Failure:

The failure of the Point Pleasant Bridge was a result of the conver-
gence of several trends, each of which was common in engineering
practice in the era in which it was designed, and the existence of

a subtle form of time-dependent crack growth of which little was
known at the time of its construction, namely:

1. The trend toward use of higher strength materials for steel
structures. The steel in the eyebars was a heat treated, relatively
high carbon steel (compared to ordinary structural carbon steel). (84, 118)

2. The use of higher allowable stresses when the confidence with
which the applied loads was known was high, as is typical in a long
span bridge where most of the load is due to its own weight, The
allowable stress for the eyebars was set at 50,000 psi. or 67 percent
c¢i the elastic limit of 75 000 psi. specified for the material.
Typically, 75 to 80 percent of the applied stress was due to the
weight of the structure itself. (117)

3. The practice of not computing certain secondary stresses or
local effects where these were produced by static loads, and where
the range of stress due to traffic loads and other transient effects
was small, This practice was particularly common for eyebsxrs, where
it was required that the fabricator demonstrate by actual tests that
the areas of local high stress in the head of the eye did not control
its load capacity (under static load). (89, 91, 92, 93, 119)
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4, The growth of a small crack by the stress-corrosion
mechanism had been known only in a few ferrous and non-ferrous metals
of that era under severe exposure condivions, such as containers
used in the chemical and food processing industry, riveted steam
boilers, and machine parts subjected to various corrosive environments.
The role of corrosive environments in accelerating the normal fatigue
process was also seldom considered in normal outdocr environments.

In the light of present day knowledge, the stress at the edge of

the hole in the eyebars was too high for a material subject to crack
growth by either of these mechanisms without special corrosion
protection. (120)

5. There was a water ‘.>llection pocket adjacent to a point of
high stress, as there is in any eyebar construction, where there is
sufficient clearance between the pin and the pinhole surface to
permit entry of water. (95}

6. This point of high stress was not accessible for inspection. (7,

32, 46) .

7. The use of only two eyebars per link in the eyebar chain.
This made the total fallure of the chain inevitable once the fracture
occurred in eyebar No. 330. Had there been tnree or more eyebars
per link, there would have been the possibility that the failure of
one bar would not have led to disaster. (7)

C. Jith Respect to the Implications for the Safety of Other Bridges:

1, The relatively rare combination of all the factors cited
above for the Point Pleasant Bridge makes the recurrence of this
exact type of failure remote, The only other bridge in this country
to combine all these factors is at St, Marys, West Virginia, and it
has been closed since early in this investigation. (2)

2. There are, however, many other structures which possess one
or more of these factors as features in their designs. It is not
precisely known what the critical combinations may be for the
initiation and growth of similar hidden defects to critical size, (120)

3. The current vigorous efforts to upgrade the quality of
bridge inspection will certainly detect those structures where surface
corrosion, impact damage and other visible or measurable defects
impeir their strength. Nevertheless, the possibility of small flaws
in critical elements made of material susceptible to stress-corrosion,
corrosion-fatigue and other time dependent flaw growth phenomena does
exist., 1In some cases these materials also have limited fracture
toughness, so that the critical flaw size is undetectable by present
inspection devices and methodology. (82, 83, 120)

4., An acceleration of the existing program of improvement of
bridge safety is needed, and should include efforts to:

o’
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(a) Identify those bridge building materials used
over te past, as well as those presently in use,
which are susceptible to slow flaw growth by any
of the suspected mechanisms. (120)

(b) Investigate these same materials to determine
critical flaw size under various stress levels. (120)

(c) Develop a new generation of inspection equip-

ment for use under field conditions to detect critical

or near critical flaws in heavy structures. It

will also be necessary to devise analytical procedures

by which the data on flaw growth rates, un'er various

types of exposure, can be interpreted to identify

critical locations which require such detailed

inspection. One hundred percent inspection will

probably prove impractical and extremely expensive, (7, 32,

- 46, 120)

evelop adequate understanding of these problems

to permit the incorporation of appropriate safe-

guards in the design and fabrication of future

bridges and for the qualification of materials for

these structures, (120)

~ (e) Devise techniques for repair, protection or
salvage of bridges damaged by internal flaws. (120)

(£) Expand our knowledge of the loading history
and life expectancy of bridges. (117, 1i8, 120)

D. With Respect to the Status of Bridge Inspection and Maintenance:

1. The intensive actions of the Department of Transportation to
establish standards for the proper safety inspections of bridges, and
training programs for bridge inspectors as required by the Federal-
Aid-Highway Act of 1968, are positive steps to imcrease the safety of
highway bridges in the Federal-Aid-System. (82, 83)-

2. Over 70 percent of the approximate total of 563,500 highway
bridges in the United States are not in the Federal-Aid-System, and
94 percent of the approximate number of 373,000 bridges on county
secondary roads, rural roads, and city streets were built prior to
1935. These older structures, which are most subject to extensive
repair or replacement, must be funded for by State orx local govern=

ments which, in many instances, have limited funds for such remedial
actions. (82, 83)
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. 3. While it 1s expected that the new Federal standards for bridge
inspections, programs for training of inspectors, the Guide, and the
‘AASHO Manual for Maintenance Inspections will become known to many state
and local authorities responsible for bridges not in the Federal-Aid
System, there is no requirement that such authorities implement the

intent of these documents. (82, 83)

4. The bridge safety requirements of the Federal-Aid-Highway Act
of 1968 have created the situation wherein bridges in the Federal-Aid
System are required to meet rigorous Federal standards for inspection
and maintenance, while the majority of the bridges in the country are
not subject to those standards, except as voluntarily adopted. (82, 83)
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VI. CAUSE

The Safety Board finds that the cause of the bridge collapse was the
cleavage fracture in the lower limb of the eye of eyebar 330 at joiat C13N
of the north eyebar suspension chain in the Ohio side span, The fracture
was caused by the development of a critical size flaw over the 40-year life
of the structure as the result of the joint action of stress corrosior. and

corrosion fatigue,
Contributing causes are:

l. 1In 1927, when the bridge was designed, the phenomena of
stress corrosion and corrosion fatigue were not known to
occur in the classes of bridge material used under con-
ditions of exposure normally encountered in rural areas.

2. The location of the flaw was inaccessible to visual
inspection,

3. The flaw could not have been detected by any inspection
method known in the state of the art today without
disassembly of the eyebar joint,
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VIiI. RECOMMENDATIONS

The Safety Board recommends that:

1. The Secretary of Transportation expand existing research programs
or institute new research programs to:

a. Identify bridge budlding materials susceptible to slow
flaw growth by any of the suspected mechanisms;

b. Determine critical flaw size under various stress
levels in bridge building materials;

¢. Develop inspection equipment capable of detecting
critical or mnear critical flaws in standing bridge
structures;

d. Devise analytical pfocedures to ident.fy critical
locations in bridge structures which require
detailed inspection;

e. Develop standards which incorporate appropriate
safeguards in the design and fabrication of future
bridges to ensure protection against faiiures of
material such as occurred in the Point Pleasant
Bridge;

f. Develop standards for the qualification of materials:
for future bridge structures, using the information
disclosed in this investigation, -

g. Devise techniques for repair, protection, or salvage
of bridges damaged by internal flaws; and

h. Expand the knowledge of loading history and life
expectancy of bridges.

2. The Secretary of Transportation explore the alternatives for
action to assure mandatory application of the bridge safety
requirements of the 1968 Federal-Aid-Highway Act to all highway
kridges in the United States, since the majority of older
bridges in the country are not in the Federal-Aid-Highway
System and these bridges are most susceptible to extensive
repair or replacement; including such alternative courses of
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action as urging the adoption by the States of mandatory
standards, or the enactment of Federal legislation
applicable to all highway bridges.

3. The Seccretary of Transportation consider the advisability of

proposing a program of Federal aid to ensure the adequate
repair of all bridges nct in the Federal-Aid-System.

BY THE NATIONAL TRANSPORTATION SAFETY BOARD:

> /e JOHN H. REED
' Chairman

/s/ OSCAR M. IAUREL
Member

/s/ FRANCIS H. McADAMS .
Member

/s/ LOUIS M. THAYER
Member

/s/ ISABEL A, BURGESS .
Member

Adopted: December 16, 1970
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e 1

Summiry-of Fracture Toughness Data
Point: Pleasant Bridge Eyebar Material

Critical
Stress Intensity
i Factor, Ky, ksiVin.
Type of Test

Specimen ggggg; Temperature, °F, Range Average
Notch bend 2 ¢ 70 46.50-53.61  50.06
Notch bend 3 0 28.27-35.90  32.39
Surface flaw 3 70 47.90-50.9 50.2
Surface flaw 3 32 43.2 -50.8 46.4
Surface flaw 3 0 33.4 -41.8 38.0
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TABLE 4

Fracture Toughness of A7-24 Steel, Point Pleasant Bridge

Laboratory
U. S. Steel

Va2 .onal Bureau

oi Standards

Battelle Memorial
Institute

As Measured by Charpy Tests

Source of Sample

1/2 inch Plate, Chain
Bent Post, Longitudinal

5/8 inch Web, Chain
Bent Post, Longitudinal;
3/4 inch Gusset, U7N
Longitudinal

Transverse

1/2 inch Plate, Chain
Bent Post, Longitudinal

15 foot pound
Transition

Iemperature, °F,

55

74

80
92

36
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TABLE 7
Maximum Range of
Live - Range Unit Stress psi.
Eyebar Load Live Load of Edge of Hole
Position Area Tension Compression Load Nominal Concentretion
UoUy 43.5 541 541 12,450 34,500
UyU5 48.0 753 -312 1065 22,200 61,500
U4Us 51.0 857 -346 1203 23,600 65,500
UsUy 51.0 848 =423 1271 25,000 69,200
U7Ug 45.0 562 562 12,500 34,800
CgCyy  46.5 571 571 12,300 34,000
C11C13 46.5 582 582 12,500 34,800

C13C15 48.0 592 | 594 12,400 34,400
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APPENDIX A

EXCERPTS FROM REPORT OF E., G. WILES ON REASSEMBLY
STTZ WORK, SPECIMEN IDENTIFICATION, AND

FRACTURE CATALOGUE
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APPERDIX B

LABORATORY DATA ON PROPERTIES OF EYEBAR STEEL

AND A7-24 STEEL FROM POINT PLEASANT BRIDGE



Table Al.

Distance
from south
face

N s

.04

.10
.14
.18
.33
.49
.61
.89

NNV OHKLWNEEE=EO
o e o o o o o & o o

oounumiovnomhuiunown

Dista.. e
from north
face

.06 .

mm 0.02 in.

N

mm 0.02
.04
.0€
.10
.14
.18
'33
.49
.61
.89
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APPENDIX B
NATIONAL BUREAU OF STANDARDS TEST RESULTS

Hacdness Test Results,
Eye CO, Segment 1.

Vickers hardness number

Spec. Spec. Spec. Spec.
A D F H
245 238 233 210
251 245 243 240
253 245 251 243
262 253 254 249
264 251 251 249
260 253 253 256
258 256 254 258
258 254 247 254
251 253 249 253

242
____Vickers hardness number
Spec. Spec. Spec. Spec.
C E G J
232 216 212 213
242 227 230 227
243 233 235 235
245 238 243 243
251 242 245 242
254 254 242 253
258 254 253 254
253 256 249 254
249 249 251 253
236 254
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Table Al. (Cont.) Hardness Test Results,
Eye CO, Segment 1.

Distance _Vickers hardness number
from hole Spec. Spec. Spec.
A B C
0.5 mm 0.02 mm 262 253 266
1.0 .04 264 254 262
1.5 .06 266 249 260
2.0 .04 262 258
2.5 .10 260 260
3.0 .12 260 ' 254
3.5 .14 258 262
4.0 .16 258 262
4.5 .18 262 251 258
8.5 .33 249
15.5 .16 245

Note: All measurements on specimens A and C were made
approximately 4 mm (0.16 in.) from the face of }
the bar.
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Table A2. Hardness Tests Results,
Eye C9, Segment 1.

NUTNNOLBNE-O

N ot s

Distance _____Vickers hardness number

from south Spec. Spec. Spec. Spec.

face* A D F H
.5 mm 0.02 in. 260 243 S, 230
.0 .04 256 247 262 243
.5 .06 256 249 268 242
.5 .14 254 262 260 . 264
.5 .18 264 245 262 25¢
.5 .33 ‘ 247 251 251
.5 .49 L 242 242 247
.5 .61 - 233 240
.5 .89 ) 232 235

* See text

N

Distance _______Vickers hardness number

from north Spec. Spec. Spec. Spec.

face C E G J
.5 mm 0.02 in. 247 235 236 216
1.0 .04 245 242 247 240
1.5 .06 254 253 251 245
2.5 .10 260 264 254 247
3.5 .14 270 266 258 254
4.5 .18 266 266 266 260
8.5 .33 260 260 258 254
2.5 .49 247 251 249 254
5.5 .61 242 243 247 256
2.5 .89 236 242
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Table A2. (Cont.) Hardness Test Results,
Eye C9, Segment 1.

Distance Vickers hardness number
from hole Spec. Spec. Spec.
__A B C
0.5 mm 0.02 in. 256 238 270
1.0 .04 254 236 268
1.5 .06 253 236 274
2.0 .08 258 270
2.5 .10 256 240 268
3.0 .12 . 254 274
3.5 .14 253 236 266
4.0 .16 251 268
4.5 .18 254 233 266
8.5 .33 232
15.5 .61 235

Note: All measurewments on specimens A and C were made
approximately 2.5 mm {0.10 in.) from the face
of the bar.



NATIONAL BUREAU OF STANDARDS TEST RESULTS

Table A3.

- BS -

APPENDIX B

Hardness Test Results,

Eye C3, Segment O

Specimen A - Plane 0.1l in. from south face

Digtance
from hole Vickers hardness numbers
1.0 mm 0.04 in. 258 260
3 .12 256 256
5 .20 260 256
7 .28 262 270
9 .35 266 266
11 .43 266 268
13 .51 268 268
Specimen B - Plane 0.6 in. from south face
Distance
from hole Vickers hardness numbers
1.0 mm 0.04 in. 230
2 .08 232 247
3 «12 227 238
4 .16 230 236
5 .20 227 232
6 .24 228 230
7 .28 232 235
8 .31 235 232
9 «35 232
10 .39 228
11 .43 232
12 .47 233

245

245
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Table A3. (Cont.) Hardness Test Results,
Eye C3, Segment O

Specimen I - Plane 0.8 in. from south face
Distance

from hole Vickers hardness number
1.0 mm 0.04 in. 247 251

3 .12 238 236

5 .20 240 238

7 .28 240 236

9 .35 233 235

1 .43 235 233
SEecimens I and I11 - Planes parallel to faces
Distance Vickers hardness numbers
from II-close to II1I-1/4 in. from
fracture north face north face
1.0 mm 0.04 in. 232 249

2 .08 230 247

3 .12 232 247

4 .16 230 249

5 .20 233 251

6 .24 235 251

7 .28 236

8 .31 232

9 .35 228

Specimen IV - Plane 5 in. from hole surface
Distance
from north

Vickers hardness numbers

face

0.5 mm 0.02 in. 209
) .04 223
2 .08 251
3 «12 251
4 .16 251
S .20 251
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Table A3. (Cont.) Hardness Test Results,
Eye C3, Segment O

§§ecinen V, Plane 0.6 in. from hole surface
Dis

tance

from south

face Vickers hardness numbers
0.5 mm 0.02 in. 221
1l .04 233
2 .08 247
3 <12 254
4 .16 256
5 .20 258
6 24 256
7 .28 256
8 .31 253
9 .35 249
10 .43 247
11 .43 247
12 .47 243
13 51 240
14 «55 . 242
15 .59 242
16 .63 235
17 67 238
18 .71 235



- B8 -

APPENDIX B
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Table A4. Hardness Test Results,
Eye C3, Segment 1

Distance _ Vickers hardness number

from Spec. Spec. Spec. Spec.

south face 1l 3 ) 7

S mm 0.02 in. 221 240 245 236
.04 236 242 240 243
.12 247 254 251 254
.20 254 253 258 247
.28 254 245 264 245
.35 243 243 258 245
.43 240 240 254 245
.51 243 242 247 225
.59 238 233 249 243
.67 240 236 247 243
<75 236 233 245 242
.83 235 236 242 235
.91 230 228 240 228
.98 228 233 236 236

1.06 230 233 236 238

Distance

from north

face*
.63 230 235 247 245
.55 235 233 243 242
.47 240 236 245 242
.39 243 243 251 254
.31 243 243 245 249
.24 251 249 245 253
.16 251 247 245 254
.12 247 240 243
.08 247 247 249 249
.04 251 247

* See text
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Table AS. Hardness Test Results,

Eye C4

Distance Vickers Distance Vickers
from south hardness from hole hardness
face numbers numbers
0.5 mm 0.02 in. 210 0.5 mm .02 in., 251
1.0 .04 221 1.0 .04 251
1.5 .06 229 1.5 .06 249
2.0 .08 232 2.0 .08 246
2.5 .10 234 ‘2.5 .10 254
3.0 .12 234 3.5 .14 244
3.5 .14 239 1.5 .18 249
4.0 .16 241 5.5 .22 254
4.5 .18 246 6.5 .26 246
5.0 .20 239 7.5 .30 249
5.5 22 254 8.5 .33 246
6.0 .24 251 9.0 .35 251
6.5 .26 251

7.0 .28 254

7.5 <30 244 The above measurements

8.0 31 246 were made 0.4 in. from

8.5 .33 241 the south face.

9.0 .35 254

9.5 37 254

10.0 .39 251
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Table A6. Tension Tests,
Specimens and Conditions .

Specimen Outer Center Static 100 ksi

No. Layers Layer Strain per
Rate Minute

2 x x

6 x x

10 x x
14 x x

17 x x
21 x x
25 x x \
29 x x R
32 x x

36 x x
40 x x

44 X X
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Table A7. Tension Test Results,
Eye CO, Segment 2

Specimen Yield Tensile Elon- Reduction
No. Strength Strength gation of Area
2 89.5 ksi  120.3 ksi 20% 55%

6 90.0 123.2 20 52
10 88.0 119.9 22 52
14 86.6 122.0 24 53
17 73.6 120.1 22 49
21 72.4 1)9.5 21 47
25 71.6 119.4 22 48
29 72.5 119.7 22 51
32 88.1 122.4 21 51
36 87.9 123.9 20 51
40 87.2 122.4 21 54

44 85.5 123.5 20 54
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Table A8. Tension Test Results,
Eye CO, Segment 3

Specimen Yield Tensile Elon- Reduction
No. Strength Strength gation of Area
2 85.7 ksi  120.0 ksi 22% 51%
6 86.8 122.2 19 53
10 83.3 118.1 21 49
14 82.2 120.5 20 51
17 72.1 117.4 23 50
21 72.5 119.0 20 46
25 71.2 117.8 21 47
29 72.0 118.1 21 48
32 86.9 123.0 21 i 50
36 86.6 123.3 22 53
40 84.9 120.9 21 - 52

44 82.1 121.8 20 49

/—-
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Table A9. Tension Test Results,
Eye C9, Segment 5

Specinen Yield Tensile Elon- Reduction

No. Strength Strength gation of Area
2 83.7 ksi  118.6 ksi 21% 50%
6 84.2 120.3 21 52
10 87.4 117.9 22 54
14 86.2 121.7 21 54
17 68.1 112.5 22 51
21 66.3 112.0 24 51
25 67.8 114.7 22 51
29 74.3 121.6 22 50
32 87.6 121.5 21 48
36 85.6 122.0 21 52
40 84.7 119.2 21 53

44 86.3 122.6 22 54
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Table Al0. Tension Test Results,
Eye C3, Segment 2

Specimen Yield Tensile Elon- Reduction
No. Strength Strength qation of Area
2 83.4 ksi 117.7 ksi 193\\ 53%
6 86.2 120.5 19 .51
10 86.4 121.6 19 52
14 85.7 123.9 18 51
17 67.8 111.4 22 52
25 70.6 - 117.1 20 50
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Test Temperature, F

1.
2.
3‘
4.

125

08
5
15
4

27
4
10
3
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]

3ye CO, Segment 2

165

09
8
20
2

12
10
15

9

30
5.5
15
5

- 34

6
15
6

Code

190

13
10.5
20

9

16
9
15
8

35
8.5
20
7

Specimen no.

Fracture energy,

Percent shear
Lateral expansion,

21

04
15
35

23
16
25
14

42
12
30
11

2

ft-1b

10

-3

230

05
20
40
18

24
20
35
20

43
21.5
40
17

in.

Table All. Charpy V-notch Impact Teﬁt Results

250

15
24
55
23

20
23.5
50
22

39
24
S0
22
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Table Al2. Charpy V-notch Impact Test Results
Eye CO, Segment 3

Test Temperature, F

32
(———4__—\ 75 125 165 190 212 230 250
03 26 09 12 13 15 U5 08 01l
2 2 2.5 4 5.5 13 14.5 20.5 23
0 0 5 5 15 15 15 35 55
0 0 1l 2 5 12 13 20 22
07 33 28 23 16 20 24 27 19
2 2 2 4 10 8 15 20 24.5
0 0 0 5 15 20 35 45 60
0 1 0 4 9 8 15 18 23
11 37 34 42 30 39 43 45 38
2 4 3 4 o) 7.5 12 15 21.5
0 0 5 10 15 25 20 35 35
0 1l 1 3 5 8 11 14 20
18 41 35
2.5 2 9.5
0 0 15
1l l 6
22
2
0
0
Code

Specimen no.

Fracture energy, ft-1lb
Percent shear -3
Lateral expansion, 10 in.

> W N -
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Table Al3.
32
03 26 08
2 2 3
5 0 10
1 0 1
07 33 20
2.5 3.5 3
5 10 5
1 2 1l
11 37 39
2.5 2.5 5
5 5 10
1 1 4
18 41
2.5 3.5
0 10
0 3
22
2
0
1
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NATIONAL BUREAU OF STANDARDS TEST RESULTS

1.
2.
3.
4.

Charpy V-notch Impact Test Results

Eye CY, Segment 5

Test Temperature, F

125 165 190 212 230
i3 GY 05 0l 12

5.5 8 10 9.5 23.5
10 20 25 30 40

4 o 11 9 22
27 28 24 19 30

3 - 10 13 17

5 15 20 30 25

6 4 10 13 15

35 31 43 38 34
5.5 7 10 12.5 20.5
25 20 20 35 40
4 6 9 11 19

45
6.5
20
6

Code

Specimen no.

Fracture energy, ft-lb
Percent shear -3
Lateral expansion, 10 in.

250

04
25.5
45
23

23
33.5
70
30

42
26
60
22
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Table Al4. Charpy V-notch Impact Test Results
Eye C3, Segment 2
Test Temperature, F

32 120 180 212 230 250
1 01 04 07 03 05 08
2 3.5 ) 10.5 19 23.5 30
3 10 15 25 30 45 60
4 2 3 9 16 19 25
1 15 13 09 11 12
2 8 9.5 14 13.5 27
3 15 25 30 40 55
4 5 8 11 12 22
1 18 16 24 26 27 19
2 2 4.5 8.5 13 18 32.5
3 0 5 15 25 35 70
4 0 3 8 12 16 30

Cnde

1. Specimen no.

2. Fracture cnergy, ft-1b

3. Percent shear -3

4. Lateral expansion, 10 in.
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Table AlS5. Drop Weight Test Results
* Specimens 5/8" x 2" x 6", welded and notched

Machine - 60 1lb, anvil clearance 0.075 in.,
height of drop 5 ft.

Specimen Tzét . No
Nymber Temperature Break Break
965 ' 210 F
971 190 , X
972 ' 170 ‘ X
966 75 x
061 100 T

066 130 X
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APPENDIX B
U. S. STEEL LABORATORY DATA
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APPENDIX B
U. S. STEEL LABORATORY DATA : Pt. Pleasant Bridge
U. 5. Steel Results

August 8, 1969

SUMMARY OF TLWSION AND COMPRESSION YIELD STRENGTHI*

(Bars 330 and 33)

Iongitudinal Trans.

252" 0.505" Diameter
- As-Received Stress-Relieved As Rec'd.
Bar Mo. Tens. Tens. Comp . Tens.  Comp. Tens.
0.2% Offset Yield Stre Streagth, ksi

330 T7.0 81.0 84.7 81.0 85.2 82.0

33 78.0 8.6 85.5 ; 80.9 85.5 83.C
Static Yield Strength, ksi

330 5.1 78.8 82.9 79.2 82.0 80.0

33 76.2 76.7 eh..h 78.8 83.3 81.3

#Refer to "Tension and c«npreuion Tests in Eyebar Shanks (Bars 330 snd 33),"
U. 8. Steei Results, July 28, 1969

# U, 5, GOVERNMENT PRINTING OFFICE : 1371 O - 413-360



