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Report Background:

Bay Area Management Consultants (BAMC):

BAMC is a Joint Venture of URS Corporation and Hatch Mott MacDonald (HMM) Corporation.
BAMC was retained by BATA (Bay Area Toll Authority) to provide Program Management
Oversight Services for the State of California’s Toll Bridge Seismic Retrofit Program. BAMC was
selected through a public competitively based RFP process in 2005 pursuant to services
required by the 2005 California law AB144. In the performance of those services BAMC was
requested by BATA to study bridges having large diameter ASTM A354 BD galvanized bolts
having a high pre-tension application of 0.7Fu, similar to those utilized on the new San
Francisco Oakland Bay Bridge East Span SAS structure.

In that search assignment BAMC found only one bridge having 3” diameter galvanized rods with
a pre-tension design load requirement of 0.7Fu. That bridge is the Hood Canal Floating Bridge in
Washington State.

The following report is an analysis of the records of the design and construction of the Hood
Canal Floating Bridge and specifically the application of high strength anchor rods comparable
to the SAS E2 anchor rods.

The Author of the report is Robert Shulock of Bainbridge Structures Group LLC a sub-consultant
to BAMC.

Contributors to the report include:

Ted S Hall - Hatch Mott MacDonald Corporation

DR. Jeff Gorman- Dominion Engineering, Inc.

Mazen Wahbeh — Alta Vista Solutions

Alan Cavendish-Tribe - Mott MacDonald Limited

Ed Zhou- URS Corporation

Steven Christoffersen - URS Corporation

Michael J. Abrahams — Parsons Brinkerhoff

Geoff Swett — Washington Department of Transportation
Paul Knaebel - Washington Department of Transportation
Jay Dwight — Dwight CO LLC

Mark Lisin- Lisin Metallurgical Services

Melissa Pedersen- Hatch Mott MacDonald
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HS Anchor Bolts
Hood Canal Floating Bridge, Washington

l. Introduction

The Hood Canal Floating Bridge in the State of Washington carries SR 104 across Hood Canal,
connecting the Olympic and Kitsap Peninsulas. Since its opening in 1961 it has become a vital
link for residential, commercial and recreational travelers.

ol

el
L
e 0 S,
-.‘ ""‘*;-"-:'-‘:
BRITISH % & & *;.;:;r.-i:ﬁ-.-; y
COLUMBIA S8 " g it o )

Shine-Gri-La

o Squamish Hood Canal L
: %' Harbor (iod) Bridge - =
& 3, | Hﬂﬂd Canal— Sunset Beach
¥ efﬁﬂgg Litlle: Boston - U ﬁ, Mg
8 man
7 y = ) R leTm'(la
*‘Q’g 3 o4} L h. “ i
b | | 1 i T
ﬁ I H 40 Km [PeSg ync. _l:'ﬂl"'ﬂ 4

With a floating portion 6,530 feet long, the Hood Canal Bridge (HCB) is the world’s longest
floating bridge located in a saltwater tidal basin and the third longest floating bridge in the
world. As the only crossing of the Hood Canal, the bridge is a vital component of the highway
network in the North Puget Sound region, with an average daily traffic of 20,000 vehicles.

The HCB is composed of two prestressed concrete girder (PSG) approach spans, two Warren
truss transition spans, twenty-nine post tensioned concrete floating pontoons, a PSG elevated
roadway over the pontoons, forty-two submerged concrete anchors and near the center of the
canal - two 300-foot concrete floating pontoon draw spans. The draw spans provide a
navigation channel primarily for U.S. Navy ships and submarines passing to and from Bangor
Naval Base.

The bridge crosses over a 1.5 mile wide and 340-foot-deep section of the Hood Canal that has a
tidal variation of than 16 % feet. This fjord-like arm of Puget Sound is subject to frequent
storms off the Pacific Ocean that generate fierce winds and accompanying large waves.



http://en.wikipedia.org/wiki/Washington_(U.S._state)
http://en.wikipedia.org/wiki/Washington_State_Route_104
http://en.wikipedia.org/wiki/Hood_Canal
http://en.wikipedia.org/wiki/Olympic_Peninsula
http://en.wikipedia.org/wiki/Kitsap_Peninsula
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Hood Canal Floating Bridge, Washington State

On February 13, 1979, the West Half of the HCB sank to the bottom of the Hood Canal during a
major windstorm with sustained winds of 85 mph and gusts to 120 mph. The loss of this critical
link from Seattle to the Olympic Peninsula resulted in a 100-mile detour and the activation of
costly emergency ferry service.

s

Hood Canal Bridge — West Half Under Water, February 13, 1979

Contributing factors to the sinking of the West Half included severely corroded post tensioning
wires, many of which had fractured previous to the storm and some that may have been
compromised enough to have fractured during the storm, corrosion of the steel hatches at the
top of every pontoon compartment that led to them being left open at the time of the storm,
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and missing bulk head seals at all of the bulkheads where the post tensioning cables passed
between compartments - which negated the purpose of the bulkheaded compartments and
allowed water that enterered through the hatches to migrate the length of the bridge.

l.a. West Half Replacement

The design of the West Half replacement was awarded to the joint venture of Parsons
Brinckerhoff and Raymond Technical Facilities, (PB/RT JV). The design and replacement of the
West Half was completed in 1982. As part of the West Half design work, plans were prepared
by PB/RT JV to replace the East Half, but due to funding constraints and the fact that the East
Half is somewhat more sheltered from wave action, the East Half was rehabilitated and
strengthened but the East Half replacement was not immediately constructed.

1.b. East Half Replacement

In 1998, the Washington Department of Transportation (WSDOT) decided to replace the East
Half based on the 1982 plans, and to rehabilitate the West Half. When the design update
began in 1998, it was initially anticipated that minimal changes would be required, and that the
effort would focus on revising the plans and specifications to bring the East and West Half
machinery, power and controls up to current codes and standards. However, due to advances
in bridge technology, changes in available equipment and materials and lessons learned since
the replacement of the West Half, a number of modifications were introduced, including
significant modifications to both the East and West Half designs. In the words of Michael
Abrahams, the PB/RT JV Engineer of Record, “ ...this provided ....a rare opportunity when one
candesign a structure, try it out for 20 years, and then have the opportunity to revisit the
design.” One major change was that traffic in the region had increased and a wider deck was
desired. This was a challenge as the increased width meant an increased dead load on the
pontoons.

Adding to design complexity, all construction materials were required to withstand a highly
corrosive marine environment. Despite the use of the weathering steel and the extensive
application of galvanizing in the 1982 design, corrosion was a persistent problem in the
aggressively corrosive marine environment. The primary changes were in the concrete
specifications and design changes that dealt with the increased use of corrosion resistant steels
and application of steel coatings —including galvanizing and painting of most all of the
structural steel.
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The Hood Canal Floating Bridge Spans Alone Over Saltwater
The 1.5-mile-long floating bridge is built to withstand high winds and waves,
strong current, large tidal variations and a severely corrosive environment.

There was much written concerning design changes that were implemented, but no written
record was found that discussed design changes to the draw span A354 BD high strength anchor
bolts. However, in discussions with Michael Abrahams, the Engineer of Record for both the
East Half and West Half, he indicated that the performance of the A354 BD high strength
anchor bolts was reviewed - and given the superior performance of the West Half design, i.e.
black non-galvanized bolts in a greased duct - it was decided not to make any design changes to
these bolts. Mr. Abrahams stated that the design of black HS anchor bolts in grease filled ducts
was based on the nuclear power industry research and their practice for anchoring reactor
enclosures - the use of grease filled ducts for both corrosion protection and to allow
replacement of the post tensioned anchoring tendons.

The design was completed in early 2003 and the East Half Replacement and West Half
Rehabilitation were advertised in the spring of 2003. In July, 2003, a contract was awarded to
Kiewit - General to replace the East-Half and rehabilitate the West Half. The East Half
replacement was completed and the bridge opened to trafficin June of 2009. The rehabilitation
of the West Half was completed in early 2010.

An overview of the Bridge history, its design, re-design and replacements, can accessed at:
e http://www.youtube.com/watch?feature=player detailpage&v=gLfNvZRIYpU
e http://www.wsdot.wa.gov/Projects/SR104HoodCanalBridge East/Progress/drawspan.htm



http://www.youtube.com/watch?feature=player_detailpage&v=gLfNvZRlYpU
http://www.wsdot.wa.gov/Projects/SR104HoodCanalBridgeEast/Progress/drawspan.htm
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1.c. High Strength Anchor Bolts

The HCB incorporates many different applications, corrosion protection systems and types high
strength anchor bolts. HS anchor bolts of interest include those at the Steel A-Frame
supporting the transition spans, the bolts holding the centering pyramid for the draw span and
the bolts that anchor the supports for the draw span guide rollers.

Of particular interest are the large diameter A354 BD bolts that anchor the box beams which
support the draw span guide rollers. The HCB is a working laboratory with respect to the use
of these bolts - in corrosive environments, with the use various corrosion protection systems,
and with high and varied pretensions. The bolts at both the West Half and East Half draw spans
are of four inch and three inch diameter and ~20 foot long, have both exposed portions and
greased and sheathed portions and were painted with the WSDOT three coat system. The
West Half bolts have been in service for 31 years, are black (not galvanized) with the 4 inch
bolts respectively pretensioned to 0.52 Fu and 0.78 Fu. The alloy is not known. The East Half
bolts have been in service for over 4 %: years, are galvanized, the 4 inch bolts and 3 inch bolts
are respectively pretensioned to 0.52 Fu and 0.70 Fu, the 4 inch bolts are AISI 4140 alloy and
the 3 inch bolts are of both AISI 4140 and 4340 alloys.

There have been no problems to date with the black bolts at the West Half. However, during
construction of the East Half all 12 of the three inch diameter A354 BD bolts failed. Six of these
failures were complete fractures caused by Hydrogen Embrittlement (HE) and six were deemed
not acceptable for reuse due to visual indication of inelastic deformation.

1.d.Bay Area Management Consultant HCB Study

Given the similarities between the HCB A354 BD bolts and those used on the new San Francisco
Oakland Bay Bridge (SFOBB), it was felt that a study of the lessons learned about the design,
construction and performance of the HCB A354 BD bolts would provide information useful in
evaluating the causes and possible remedies of the failures experienced with 2008 anchor rods.
There was interest in both the black bolts installed on the West Half in 1982 and the galvanized
bolts installed on the East Half in 2009. This report details the information and knowledge that
was gained from the study. Reports of visits of Bay Area Management Consultants (BAMC) and
Caltrans staff to the HCB are contained in the Appendix to this Report.
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ll. Draw Span — Guide Roller High Strength Anchor Bolts

Near the center of the Hood Canal Bridge there are two 300 foot floating draw spans that can
be retracted to allow ship passage orto relieve wind and wave pressure on the bridge during
storm events. Each draw span assembly includes a floating draw span - a U-shaped pontoon
structure that provides an open well into which the draw span can be retracted. To retract the
draw span, the 300-foot-long steel deck is lifted hydraulically to create an open well into which
the draw spaniis retracted beneath the elevated deck into the cradle between the pontoon
“forks”. After the draw span is extended back into the channel, the deck is hydraulically
lowered to roadway level. The draw span is operated by a rack and pinion mechanism with twin
432-foot-long rack gears. Both spans are electronically controlled from a single control house.

When the draw spanis extended into the channel and subject to direct wind/wave /surge
action there are large dynamic loads on the guide rollers and subsequently large dynamic loads
on the anchor bolts. Forces on the bolts are highest from the hydrodynamic wind/wave
loadings experienced during storm events that necessitate that the draw span be retracted to
relieve pressure on the bridge.

Hood Canal Bridge
Draw Span Assembly
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Steel Deck at East Half Hydraulically Lifted

To see the draw span and guide roller operations go to:

e Www.vimeo.com/4975186
e www.wsdot.wa.gov/Projects/SR104HoodCanalBridgeEast/Progress/drawspan.htm

The draw spanis secured and guided by a series of upper and lower guide rollers on each side
of the draw span. The upper guide rollers are secured to a steel box beam that is connected to
the fork pontoon with greased and sheathed HS anchor bolts. These rollers and their HS anchor
bolts take horizontal shear and large upward vertical forces.

The guide rollers at the front of the pontoon fork take the majority of the force when the draw
pontoon is extended and thus are more highly loaded than the rollers at the back portion of the
pontoon fork. The upper guide roller layout is shown below. Note at the front portion of the
fork there are 8 guide rollers - each with two 4 inch diameter, 20 foot long A354 BD bolts - and
at the back portion of the fork there are 6 guide rollers - each with two 3 inch diameter, 20 foot
long A354 BD bolts.



http://www.wsdot.wa.gov/Projects/SR104HoodCanalBridgeEast/Progress/drawspan.htm
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At the West Half the bolts are black, not galvanized ASTM A354 BD (Alloy unknown). At the East
Half, the bolts are galvanized ASTM A354 BD bolts with the 16- 4 inch diameter bolts of AlSI
4140 alloy and 12- 3 inch diameter bolts, 6 bolts of AISI 4340 alloy and 6 bolts of AlSI 4140
alloy. The top and bottom portions of the bolts and nuts that are exposed and not in the
greased ducts are painted with the WSDOT 3 coat system.

The anchor bolts farthest from the rollers at the back of the box beam are greased and
sheathed, 1 %; inch diameter, 6 ft. long. At the West Half the 1 % inch anchor bolts are black,
not galvanized A325 bolts. At the East Half the 1 % inch anchor bolts are galvanized A354 BC
bolts.

Upper and Lower Guide Rollers. Steel Box Beam with 3 inch Anchor Bolts nearest Rollers

The upper and lower guide rollers (in the picture above) keep the draw span pontoons on
course when the draw spanis being retracted or extended. The box beam that supports the
upper guide rollers is shown with the ASTM A354 BD bolts visible behind the rollers.

The bolts that anchor the support of the lower draw span guide rollers are 1 % inch diameter, 2
ft. long, stainless steel A593 Type 316. They are in grout filled stainless steel ducts. These bolts
are identical at the West and East halves.
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lll. West Half Replacement (1982) and Retrofit (2009)

The greased and sheathed 3 inch and 4 inch diameter anchor bolts securing the upper guide
roller box beam in the West Half Replacement were black, not galvanized A354 BD bolts and
the 1 % inch diameter anchor bolts were black, not galvanized A325 bolts. The threads were
specified to be rolled after heat treatment. After stressing and then painting the exposed
portions of the bolt and the nuts with the standard WSDOT three coat paint system, the
sheathed portions of the bolts were injected with grease. They are shown as suchin the 1981
Design Plans, Specifications and Shop Drawings, and have been verified as such by field
inspection.

Design Plan Sheet M 216 Section B from 1981 shows the 4 inch bolts were to be tensioned to
870 kips or 0.53Fu, the 3inch bolts to 713K or 0.78Fu and the 1% inch bolts to be snug tight.
Note: The MTR’s and most all other as built information was discarded from WSDOT archives
sometime before 2008, and as such is not available.

During the East Half Replacement in 2009 the West Half was renovated, including replacement
of the guide rollers. At that time the anchor bolts were inspected, found to be in very good
condition, and were not replaced. They are visually and ultrasonically inspected each year. The
following pictures are from the BAMC visit to the HCB on June 28, 2013.

Bottom End of 4 inch Ungalvanized A354 BD Bolt
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Top End 4 inch Ungalvanized A354 BD, West Half, South Side

14
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IV. East Half Replacement — 2009

The 2003 East Half Design Plans and Specifications, which were nearly identical to that of the
1981 West Half, indicate that the 3 inch and 4 inch diameter A354 BD anchor bolts were not to
be galvanized. However, the 2007 Shop Drawing indicates that the A354 BD bolts were to be
galvanized and recent visual inspections show these bolts to be galvanized. There were no
requirements found for the rods to be mechanically cleaned (such as sandblasting) prior to
galvanizing. Itis assumed that the normal pickling process was followed. Other than the shop
drawings, no documentation was found that indicated how or why the change to galvanizing
was made. (Note: PB/RT JV’s Engineer of Record stated that he did not know what was
approved nor what was built, i.e. he was unaware that the A354 BD bolts were galvanized.)

Identical to the West half, the original 3 and 4 inch anchor bolts had rolled threads and are
encased in a duct for most of their length. After stressing, the ducts were filled with grease and
the exposed portions of the bolt and the nuts painted with the standard WSDOT three coat
paint system.

Design Plan Sheet M 216 Section B from 2003 shows the 4 inch bolts were to be tensioned to
870 kips or 0.53Fu, and the 3 inch bolts to 713K or 0.78Fu, identical to the 1981 plans. An RFI
from Kiewit General questioned the 713K pretension force on the 3 inch bolts being greater
than the bolt’s proof load of 627K. WSDOT issued a reply changing the force on the 3 inch bolts
to 638K or 0.70Fu.

Note: The pretension forces of 0.53 Fu on the 4 inch bolts and 0.78 Fu on the 3 inch bolts were
dictated by PB/RT JV calculations that indicate pretension loads of 0.5Fu and 0.72 Fu
respectively. Considering short and long term pretension losses, the pretension forces specified
forces insured that there would be no lift off at or near calculated maximum live loads.

The 2003 Design Plans and Specifications indicate that the 1 % diameter anchor bolts were to
be ungalvanized A325 bolts. However, the 2007 Shop Drawing and as-built drawings indicate
that these were changed to galvanized A354 BC bolts. There has been no indication found as to
why the shop drawings show the bolts to be galvanized. As atthe West half, the 1% inch
anchor bolts were encased in a greased duct for most of their length. The exposed portions of
the bolt and the nuts were painted with the standard WSDOT three coat paint system. The
design plans indicate that these bolts were not to be pretensioned.

The original 3 inch and 4 inch A354 BD bolts were supplied by Dyson through Thompson Metal
Fab (TMF). The 2009 COC/CMO’s and the 2004 MTR’s for these bolts are in the Appendix. The

COC/CMO’s cover 18 — 3 inch bolts and 16 - 4 inch bolts that were delivered to the contractor

Kiewit-General (KG) at the project site. The MTR’s cover 20 — 3 inch bolts and 8 — 4 inch bolts.

TMF found no MTR’s for the other 8 — 4 inch bolts and as such, the supplier, alloy and

15
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mechanical properties are unknown. The bolts were of AlSI 4140 alloy and met ASTM A354 BD
specifications. They were heat treated, quenched (oil for 3 inch and water for 4 inch),
tempered in a furnace at 1070F and straightened prior to the rolling of the threads. All rods
were then galvanized. Mechanical Properties for the rods are given below.

Dyson A354 BD Bolts
Mechanical Property Units | 3 Inch Diameter Bolts 4 Inch Diameter Bolts*
Tensile KSI 149.5 146.0
Yield 0.2% KSI 126.9 124.0
Elong 2” % 16.5 14.0
Red Area % 51.7 42.0
Hardness Rc 31.0 32.5

*These properties are for 8 of 16 bolts

IV.a. ProblemsDuring Construction
Several problems were encountered with the 3 inch and 4 inch ASTM A354 BD bolts during
construction in 20009.

Pretensioning Method

The first problem was that the contractor attempted to pretension the bolts by torqueing the
nuts. However, there was enough friction between the nut and the bolt to cause twisting of the
20 ft. long bolts such that the plan force could not be achieved. To achieve the planforce inthe
bolts it was necessary to pretension the bolts with hydraulic jacks.

Bolt Failure - Thread Fit

The second problem concerned the fit of the threads between the nuts and the bolts. On
October 22, 2008, during the stressing of the 4" set of 4 inch bolts, one of the 4 inch bolts
failed. At approximately 60% of the required load the nut was spun down and the pressure on
the jack was relieved. The nut then slipped and the threads on both the nut and the bolt were
destroyed. It was determined that the threads on the nuts had been overcut out of tolerance
and the rolled threads on the bolt created a smaller net diameter bolt than specified. DYSON
Corporation, the supplier of these bolts, replaced two of the 4 inch bolts and accompanying
nuts- but only after a great deal of work was done to investigate the cause of the failure. The
two replacement bolts had rolled threads, were galvanized and had a 45 degree bevel at one
end. The available WSDOT CMQ’s/ MTR’s dated 5/29/2009 do not indicate the alloy type.

All of the remaining 4 inch and 3 inch bolt threads and nut threads were measured and 85% of
the threads were found to be out of specification. WSDOT decided to replace all of the nuts,
cut to fitthe as-measured threads on the bolts. The nuts were installed black (not galvanized)
and then painted with the WSDOT standard three coat system. A high pressure silicone, rust
inhibiting, waterproof grease was specified to be applied to the threads prior to tensioning.

16
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Black nuts were specified to achieve a higher proof load (170 ksi - black vs. 150 ksi - galvanized)
and to eliminate the potential variability of thickness of galvanizing on the threads.

Bolt Failures —Complete Fracture

The third and most serious problem occurred with the twelve 3 inch bolts. On the morning of
Friday April 24, 2009, during the final fit-out of the draw pontoon system and approximately
two weeks after the 3 inch bolts were pretensioned, K-G crews were applying the paint system
to the washers, nuts and the exposed (non- greased and sheathed) portions of the bolts. They
reported that one of the bolts — 5W/5WN - had completely fractured. WSDOT engineers
directly involved in the construction of the Draw Pontoon stated that their belief is that the
initial fractures occurred one week to two weeks after stressing. Two hours later it was
reported that bolt 8W/7WN had completely fractured and that the other bolt 8E/7EN at the
same box beam also appeared to be failing. This bolt failed later in the day. In all three
instances the fracture was at the bottom of the bolt in the threaded portion of the bolt just
above the nut. As stated in WSDOT RFI 01316, within the next week three more bolts were
found to be completely fractured inthe lower threaded portion of the bolts just above the
lower nut.

Bolt 8E/7EN Prior to and after Failure

17
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9W/6EN Prior to Failure

10E/5EN
At the bottom of the 3 inch diameter anchor rods % thick round washers were installed. These
washers bear on and span the annular space of the CIP 4 in diameter pipe sleeves. Some but

18
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not all of these washers bent and/or sheared under the pretension force applied to the bolt. In
all cases in which the bolts completely fractured, the bolt was not perpendicular and the
washers were noticeably bent and/or sheared.

Pictures above show Bolt 8E intact but with a deformed washer and then after its subsequent
failure later in the same day. Note that the failed bolt is off center in the pipe sleeve. The
combination of the bolt being off center in the hole combined with an undersized washer may
have led to the failure of the washer and may have contributed to the failure of the bolt.

The next photo of bolt 9W was taken prior to bolt failure and shows the washer bent/sheared.

The last picture shows bolt 10E with a non-deformed washer. Records do not indicate if this
bolt failed. However, records indicate that six total bolts completely failed and six did not — this
matches with six washers that were severely bent or sheared and six washers that were not
noticeably damaged or were slightly deformed.

The available plans for both 1982 West Half and 2009 East Half do not indicate washer size. The
shop drawings for the West Half bottom washers call for rectangular plate washers 3-1/4”
thick, 1’-0” X 1’-2”, but the shop drawings available for the East Half do not detail the washers.
The plate washers at West Half were measured as 1’-0” X 1’-2” but they are embedded in the
concrete so their thickness could not be determined. The as built washers at the East Half are
circular and measure % inch in thickness — well below the 3-1/4 inch that appears to have been
specified. The 3” diameter bolt washer failures were only a problem at the bolt bottom as the
plate washer provided on the box girder at the top was thicker and the jacking plate had
smaller diameter hole than the pipe sleeves.

Note: WSDOT (after the fact) calculations indicated that 2 inch thick washers of a higher tensile
strength were necessary and 2” thick square plate washers were supplied for all 12- 3”
replacement bolts.

IV.b. 2009 Failure Analysis —Dwight Co

After analyzing photos of the bolt fractures, the project mechanical engineer (construction)
believed that the failures were either the result of overstress - that the washer failures caused
asymmetrical loading on the bolt, with flexural tension plus axial tension overstressing the bolts
and causing the bolt failures — or defective bolt material. He suggested that metallurgist Rainer
Eckert of Northwest Labs in Seattle be engaged to ascertain the cause of failure. Mr. Eckert
was contacted on Friday afternoon. When told the type of HS bolt and that they were
galvanized - immediately said “hydrogen embrittlement”. He stated that he was willing and
available on Monday to begin forensic evaluation of the bolts. WSDOT’s Assistant HCB
Construction Engineer suggested that if there were hydrogen embrittlement (HE) issues with
the 3 inch bolts that “it would be pretty likely the same issues exist with the 4 inch rods” and
that if it could be found, it would be prudent to alsotest the 4 inch rod that had stripped out
threads.
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However, it was eventually decided to engage Jay Dwight of Dwight Company, Inc. Welding
Laboratory Service in Chehalis, WA who was immediately available to do the forensic
investigation. On the evening of April 24, two of the three fractured bolts were delivered to Jay
Dwight for forensic evaluation to ascertain the cause of the bolt failures and to recommend
inspection details for corrective action (It is not known if the 4 inch rod with the stripped
threads was found, but it was not delivered for testing.).

Dwight Company’s report, dated Sunday April 26 and sent to WSDOT that afternoon, states
that:

e The probable cause of failure of the 3” bolt assemblies is non-concentric loading during
the final torque tensioning.

e Hydrogen damage was not present in the failed bolts at fracture interface or adjacent
to fracture area.

Note: Although hydrogen damage was not seen, J. Dwight indicated to WSDOT that an
SEM analysis would be necessary to state conclusively that there was no hydrogen
embrittlement. This was not done at the time but was done by Lisin Metallurgical in
2013. There is further discussion of the Dwight Company’s Report on pg 32, Section V.b.
of this report.

Dwight Company also provided “Inspection Detail Recommendations” that included both visual
and NDT inspection of all remaining bolts. The Dwight Co Report “Metallurgical Record of FW 3”
Bolt Failures on East Half -2009” is in Appendix G.

The report included photos of the fractures. The fracture surfaces have an approximately 1/2
inch deep smooth half-moon fracture area that was called the “Initial Low Cycle Crack” and
an approximate 2 % inch deep rough fracture area that was called the “Final Fast Fracture
Region”.
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IV.c. 2013 Fracture Analysis — Lisin Metallurgical

The photos of the fracture surfaces were very similar to those of the 3 inch diameter A354 BD
bolts that fractured at Pier E2 of the San Francisco Oakland Bay Bridge (SFOBB). The SFOBB
bolts were also 3 inch A354 BD bolts of similarlength. These bolts were encasedina grouted
sleeve and tensioned to 0.75Fu and seated at 0.70Fu. They began to fail ~6 days after stressing.
The cause of these bolts failures is believed to be hydrogen embrittlement (HE).

Engineers from Bay Area Management Consultants (BAMC) visited the Hood Canal Bridge on

June 28 and July 13 to determine if the experience with the HCB A354 BD bolts would provide
information useful in evaluating the causes and possible remedies of the failures experienced
with 2008 A354 BD anchor bolts of the SFOBB. There was interest in both the HCB black bolts
installed on the West Half in 1982 and the galvanized bolts installed on the East Half in 2009.

Reports of the two visits are in the Appendix to this section.

On the first HCB visit in June, BAMC engineers also visited Jay Dwight of Dwight Co to speak to
Jay and to look atthe two bolts no. 5 and 8 that Dwight CO had examined in 2009. Based on
visual and optical microscopy, the failure morphology of these bolts appeared similar to that of
the SFOBB bolts that had failed from HE in March 2013.

Since it would need to be confirmed by examination using a scanning electron microscope
(SEM) before it could be concluded that the failure mechanism was in fact the same, permission
was sought from WSDOT to do SEM analysis on the bolts. This permission was obtained from
WSDOT near the end of July and Mark Lisin of LISIN Metallurgical Services in Milwaukie, OR was
engaged to do failure analysis. The investigation included SEM analysis of bolts and hardness,
chemical composition and Charpy testing of one bolt at -20F. Lisin was also engaged inJanuary
2014 to do further material testing on bolts no. 5and 8 that included additional Charpy tests at
20F and 40F, hardness tests adjacent to the fracture surface and characterization of the
microstructure. Samples were taken at surface and mid-radius locations.

The Lisin Report 1 was completed on September 13, 2013 and Report 2 completed on January
31, 2014. Both Reports are contained in the Appendix.

The Lisin Report 1 states that:

The mix of both ductile and brittle intergranular fracture suggests that the fracture initiation
in the failed 3 inch diameter ASTM A354 BD high strength bolts was the result of mild
hydrogen embrittlement.

Five likely contributing factors the HE failure were identified:

1) A high specified installation stress of 70% of the minimum specified ultimate
tensile strength.

2) Alikelyincrease in tensile stress due to washer deformation causing a bending load to be
superimposed on the axial load.
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3) Use of a galvanized coating.

4) Minor corrosion of both the galvanized coating and the steel substrate was
apparent, and the corrodant chlorine was detected in corrosion product deposits. Also,
tension induced cracks were found in the zinc coating at the root of the threads. Hydrogen
generation and HE /SCC cracking is possible under these conditions.

5) Use of a high strength material with non-homogeneous microstructure and limited
fracture toughness.

s 1'1
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SEM MAG: 3.00 k= Det: SE 20 prm
SEM MAG: 3.00 kx 5q Lisin Metallurgical Services

BOLT 5 —Intergranular Fracture Surface

Above is the secondary electron image acquired from the fracture surface of Bolt 5.

The location is approximately 1 to 2 mm below the thread root, within the crescent
shaped band of smoother fracture near the fracture initiation. The location shown is the
most pronounced example of intergranular fracture revealed by an extensive search.

Material Test Results Summary —Lisin Report 1 September 13,2013

Property 2008 MTR’s* Current Tests (Ave)
Tensile KSI 150 153

Yield KSI 127 132

Elongation % 16.5 17.0

Red of Area % 51.7 55.0

Hardness Rc 31.0 31.1**

Charpy -20F ft-Ib not done 9.0%**
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* 2008 MTR’s from Thompson Metal Fab, In Appendix to this Section. The material
chemistry closely matched that given in the 2008 MTR’s.

**  Rc26.0 at mid-radius and 35 near root of thread

*** Varied 6.0-12.0, low enough to be out of the testing machine’s verified range, and

are given “forinformation only”.

Material Test Results Summary —Lisin Report 2, January 31, 2014

Table 1
HCEB Bolt 5 Summary of Results
. Charpy Values Hardness, .
Location +20 °F +40 °F HRC Microstructure
14.0 10.5 33, 32 Banded microstructure consisting
Surface of tempered martensite and other
14.0 31 transformation products.
. . Mat'l Not | Mat'l Not
Mid-Radius Avail. | Avalil. T T
Table 2
HCE Bolt 8§ Summary of Results
. Charpy Values Hardness, .
Location +20 °F +40 °F HRC Microstructure
14.0 16.0 30, 32
Banded microstructure consisting
Surface 14.5 16.0 30, 31 of tempered martensite and other
transformation products.
15.0 18.0 31, 32
Banded microstructure consisting
Mid-Radius 17.0 15.0 32, 32 of tempered martensite and other
transformation products.
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IV.d. Bolt Failures —Inelastic Deformations

Per the recommendations of Dwight Co., Mayes Testing Engineers were contracted to
perform NDE inspection —magnetic particle testing and ultrasonic testing — on the six
remaining intact bolts. Mayes Testing Engineers also assisted WSDOT in the visual
inspection of the bolts. The full threads and 1 in of the shaft were prepared for
inspection with focus on the thread roots. No cracks were found by the NDE inspections
but visual inspection confirmed that all six bolts showed indications of inelastic
deformation, and all six were found not acceptable for reuse.

o

N E -
Deformed Bolt 9E/6EN

IV.e. Boltand Washer Replacements

Washers: All lower plate washers for all twelve of the 3 inch A354 BD bolts were
replaced by the thickest plate possible —2 inches- based on the thread limitations of the
bolts. The plate material was specified to be 70ksi or greater and the plate was to be
galvanized.

Fractured Bolts: The six 3 inch A354 BD bolts that completely fractured were replaced
by spare rods that were located at the nearby WSDOT Lofall Maintenance Facility.
There is no direct document verification available as to the origin of these bolts;
however, WSDOT engineers are confident that these 6 bolts are from the original lot of
18 bolts from Dyson. There is a statement in email correspondence that they are “spare
rods from the time the box girders were re-designed for the 4 inch rods.” Documents
from Thompson Metal Fab indicate that they ordered twenty 3 inch A354 BD anchor
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rods from Dysonin 2004 and shipped 18 of these to Kiewit General in 2008. Twelve of
these rods were used which would leave six as “spares”.

Deformed Bolts: For the six A354 BD 3 inch bolts that had indications of inelastic
deformations, WSDOT directed that replacement bolts be galvanized, and that they be
specified with a minimum Charpy of 15 ft-lbs at -20 F. Dyson, the supplier of the original
rods could not make schedule, but Portland Bolt in Oregon was able to do so. However,
Portland Bolt refused to galvanize the bolts because of their susceptibility to HE. Onthe
recommendation of Portland Bolt, WSDOT specified that the bolts be made of a superior
AlISI 4340 alloy in lieu of the more usual AlISI 4140 alloy for A354 BD bolts. Portland Bolt
cited much higher toughness with little if any gainin hardness, and the better heat
treatment performance of the 4340 alloy. It was also stated that this alloy would also
be less susceptible to HE and SCC. The MTR for the 4340 material shows the following
properties: Rockwell C = 35.5; Fu = 161ksi with RA = 56%; Fy = 144ksi with Elon =18%;
CVN =46 ft-lbs at -20F. (REF: MTR’s Appendix D). WSDOT wished the threads to be
rolled after heat treatment but Portland Bolt did not have the capability to do suchon
3in bolts so the threads were cut.

The WSDOT Replacement Bolt design is shown below:
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Six bolts were ordered by Kiewit from Portland Bolt on 5/27/09 March 29 with delivery
promised 6/15/09. Six bolts were shipped by purchase order from Kiewit directly from
Portland Bolt to Galvanizers Company for galvanizing.

Galvanizers Company only had the Portland Bolt/Kiewit’s PO and invoice /delivery
paperwork. They had neither written indication nor recollection that the bolts were to
receive any special treatment. Therefore, they stated that the bolts would have gone
through a regular pickling process, i.e. no mechanical cleaning, flash pickling or baking.
Galvanizers Company also stated that they were not aware that Portland Bolt had
refused to galvanize the bolts.

Bottom of 3 Inch Galvanized AlSI14140 Alloy A354 BD Bolt
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Bottom of 3 inch Galvanized AlSI4340 Alloy A354 BD Bolt

The A354 Bolts on the East Half were specified to be galvanized except for the top 7
inches of the threaded area. The nuts were specified to be black. This can be seenon
the above WSDOT Design Drawing for the 3 inch replacement bolts. However, the As-
Built Shop Drawings and visual inspection indicate a variety of conditions with respect to
galvanizing of bolts and nuts.
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V. HE, SCC and Galvanizing of A354 BD Bolts

As previously mentioned, in 1982 the A 354 BD Guide Roller bolts at the West Half were
installed blackin greased ducts, and have been performing very well in a severely
corrosive environment. The Design Plans for the East Half did not call for these bolts to
be galvanized and WSDOT engineers were well aware of the susceptibility of galvanized
A354 BD bolts to HE and Stress Corrosion Cracking (SCC), from both internal dictates
and industry warnings e.g. Portland Bolt in Oregon . From 1998 to the present, the
WSDOT Bridge Design Manual warned that “These (ASTM A354 BD) bolts should not be
galvanized because of susceptibility to HE.” At the time there was concern that the
failures may have been caused by hydrogen embrittlement, and Portland Bolt refused to
provide galvanized A354 BD bolts due to their propensity for HE.

So, why were the same bolts on the East Half galvanized? And why, when six of these
bolts completely fractured, were the replacement bolts galvanized?

V.a. Galvanizing - Original Bolts (Dyson)

It is not clear why the original bolts were galvanized. Those contacted who were
involved in the construction of the bridge do not know, and no change order
documentation was found. The 2009 Thompson Metal Fab Shop Drawings do show
these bolts to be galvanized.

One possible explanation is that the fact that most all structural steel was galvanized,
including most steel on the Design Plan Sheet that detailed the bolts, led to the error of
calling out the bolts to be galvanized on the shop drawings — and that this error was not
picked up in shop drawing review.

V.b. Galvanizing - Replacement Bolts (Portland Bolt)

From a study of available records, and from direct statements from those involved at
the time, it appears that when the bolt failures occurred there was intense pressure to
make schedule, and that the easiest way forward was not to change anything, i.e. if
possible, stay with galvanized A354 BD bolts.

The fractures in the bolts occurred shortly before the planned closure to begin May 1,
2009, sotime was critical. The float- out of the existing East Half and the float - in of the
East Half replacement was to be done in a six week period starting May 1, 2009. Itis
stated inthe WSDOT Post Construction Report that there was a great deal of pressure
not just to meet, but to beat schedule. There was political pressure, public pressure and
the pressure of the contractor’s financial incentives. The WSDOT “Hood Canal Bridge,
East-Half Replacement and West-Half Retrofit Project, Post-Construction Report” states:
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“Many decisions were being made at a high level relative to planning for the bridge to
re-open, which was being influenced by the contractor’s incentive pay as well as by
increasing pressure from the public. ...many did not agree with the early opening date
because they could not complete the full testing as intended by the contract
requirements. There was a sense of many technical personnel being fairly involved
throughout the project, but (that) there was a significant change in the level of their
involvement....... when float-in closure was underway.”

And that -

“The contract provided the contractor an incentive by paying them 575,000 for each day
the bridge opened earlier than the allotted 42 days for up to 8 days, equating to a
5$600,000 total incentive. ... ... the bridge was opened 8 days early on June 3, 2009, which
included 2 1/4 days of working days that were lost due to stormy weather conditions
(high winds). The contractor was able to receive their full incentive pay.”

Also, it was noted in the summary of findings in the 2009 Dwight Co. failure analysis that
the findings were “....based on the metallurgy observed in this brief investigation.” In
talks with J. Dwight he stated that the State was very rushed- “something was pushing
them”- and that in the time frame allotted he did the key tasks he was asked to do, i.e.
determining probable cause of failure and if hydrogen damage was evident at the
fracture surface. He was not told that they were delayed fractures, but that the failure
occurred during torqueing of the nut ina standard install procedure. He was surprised
to hear that the nuts were not torqued, but that the bolts were jacked and the nuts
spun down.

V.c.Bolt Failures —Hydrogen Embrittlement (HE)induced by
Internal or External Hydrogen

HE and Stress Corrosion Cracking (SCC)

HE can occur in high strength low alloy martensitic steels such as ASTM A354 Grade BD
when there exists high levels of hydrogen in the material. This can either be internal
hydrogen resulting from manufacture practices and/or application of protective
coatings such as hot dip galvanizing. It could also be infusion of external hydrogen into
the material from corrosion after manufacture and coating. When the source of
hydrogen is external failure of the material is termed to be by (hydrogen assisted) SCC.

For SCC to occur three combined actions must be present: High static tensile stress, a
corrosive environment and a susceptible material. SCC is believed to be a galvanic
corrosion process with a crack, pit or crevice developing at anodic sites. Tension forces
concentrate at the tip of the crack, resulting in the formation of fresh metal surfaces
and further deterioration by pitting corrosion.
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For uniform corrosion localized anodic and cathodic sites do not exist. With this form of
attack the metal is gradually and uniformly changed to ferrous ions from the outer
surface inwards. Consequently, the reduction of cross section is uniform and the inner
portion of the metal is unaltered by the process. However, if variations in electrode
potential along the metal surface allow separate corrosion cell to develop, then
localized corrosion can occur.

Localized corrosion is generally associated with the presence of and the localized
breakdown of a protective coating on the metal surface. A mechanism of pitting or
crevice corrosion will occur in the presence of aggressive ions such as chloride. A pit is
formed atan area where chloride ions locally weaken the coating that protects the
steel. The anode is established where the coating is destroyed and the surrounding steel
becomes the cathode. While pitting can cause little overall metal loss, the effects can
be significant due to the localized reductions in the metal cross section and increased
stress on the unaltered section with stress concentration at the pit area.

For high strength low alloy martensitic steels such as ASTM A354 Grade BD, Stress
Corrosion Cracking (SCC) is most likely to take the form of hydrogen embrittlement. This
involves the migration of atomic hydrogen into the metal lattice where hydrogen
molecules are formed producing internal pressure inthe metal. Hydrogen is
exceptionally mobile and quickly penetrates into any recently formed cracks, lesions or
material surface discontinuities, which become high stress areas. In general, any
process producing atomic hydrogen at the steel surface caninduce considerable
hydrogen absorption in the steel. Cracks will promulgate through the component
surface, weakening the component due to the loss of cross-section area. Since corrosion
reactions are generators of hydrogen, care in choosing the proper coating to prevent
corrosion is important.

Metallic coatings such as zinc have relatively low corrosion potential and can isolate the
metal from the environment and theoretically prevent SCC. However, the possibility of
the coating being penetrated by imperfect application or by mechanical damage in
service must be taken into account. For this reason zinc is a popular coating for low
strength carbon steel - if the zinc coating is compromised locally causing underlying
steel to be exposed, the steel will be cathodically protected - the zinc coating being the
sacrificial anode and the steel base metal being the cathode. However, the electrode
potential involved in this galvanic reaction will also encourage hydrogen evolution and
adsorption of hydrogen into the steel matrix. For high strength low alloy martensitic
steels such as ASTM A354 Grade BD, if this occurs at a location of localized corrosion/
pitting or in a highly stressed and potentially notched location such as the root of the
thread under the nut, this may lead to hydrogen embrittlement.
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Note: Concrete or cement grout provides good corrosion protection to bare steel.
However, the use of concrete as protection to galvanized high strength steel has the
potential to produce SCC /HE of the HS steel. This is due to the well-known fact that zinc
will actively corrode in a wet, caustic environment thus generating high levels of
hydrogen. The Post Tensioning Institute (PTI, 1998) recommendations prohibit contact
between cement grout and galvanized strands (in the stressed zone) because of the risk
of (SCC) hydrogen embrittlement.

Corrosion Protection of Bolts Prior to Tensioning

Construction records such as MTR’s, photos, WSDOT Monthly Reports and email
correspondence indicate that the A354 anchor bolts were very likely not protected
from corrosion and were subjected to water from rain and condensation for an
extended period of time — up to 14 months - prior to stressing. As such, the HE assisted
failures of the six 3 in bolts could have occurred from a combination of excess internal
and external hydrogen.

The approximate duration during which the bolts were installed and unprotected is
derived from the summary of the placement of the A5354 BD Rods in the Draw Span
pontoons (Ref: Appendix I). The key dates with corresponding activities are:

e December 2004 to March 2005- Bolts manufactured, zinc coated and tested by
Dyson Corp, Painesville, OH

e May 31, 2005- Bolts delivered to Thompson Metal Fab Inc, Vancouver , WA

e February 26, 2008 — Bolts are shipped to the contractor Kiewit-General.

e June 8, 2008-Lift Span is delivered to Todd Shipyards where the Draw spanis
being assembled and outfitted

e August 13, 2008- Lift spanis shown installed and bolts are shown not to be
protected with no nut at top of bolt. The bolts would have needed to be installed
prior to the installation of the Lift Span as the overhead clearance with the Lift
Span in place does not allow the bolts to be installed without bending the bolts.
Ref photos below.

e March 12 to April 17, 2009-Begin and end bolt tensioning

e April 24, 2009 — First fractured bolt found and two others fracture

e April 30, 2009- Three more bolts fracture

The duration range that the bolts were unprotected from contact with water prior to
fracture is indicated to be a minimum of 9 months and a maximum of 14 months.
Note that the bolts were stored at Thompson Metal Fab (TMF) for 2 years and 9 months
prior to deliver to Kiewit-General. Brian Brace of TMF indicated that during this time the
bolts were in protective storage intheir warehouse.
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Lift Span Installed — August 13, 2008

Other indications that water may have been present on the rods are:
e The Lisin Report 1 (Ref: Appendix F) states that deposits found on the washers
consist primarily of zinc corrosion products and that substantial chlorine deposits
were also detected. The Report further states that “Chlorine is a potent
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corrodant of alloy steels when present with moisture.... Corrosion of zinc coated
steel canresult in hydrogen generation and subsequent hydrogen
embrittlement.”

e Shown below is a photo of the bottom threads and shank of a failed rod taken
three days after it was found to be fractured. Corrosion can be seen on the
threads and the shank of the rod. It is also clear that the rod is unprotected —i.e.
there is no indication of paint or grease.
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e As stated in Section IV.a of this report, on October 22, 2008 during the stressing of
the one of the 4 inch bolts the nut slipped and the threads on both the nut and the
bolt were destroyed. This precipitated removing all of the 3 inch and 4 in nuts to
inspect and measure threads. WSDOT decided to replace all of the nuts, cut to fit
the as-measured threads on the bolts. As shown in the bolt placement summary, the
last of these new bolts arrived March 11, 2009. Therefore, a worst case scenario
would have been all nuts off from October to March.

SCC Precautions
Susceptibility of HS lean alloy steels such as A354 BD to SCC can be eliminated or
controlled by a variety of methods that include:

e Use ofrolled vs. cut threads: Cutthreads tend to cause a sharper root than
rolled threads, with the probability of more defects on or beyond the root. So
the time taken for a sharp-fronted crack to initiate and grow to the critical size
may be shorter in cut threads than in rolled ones due to reasons such as SCC.
The rolled threads have less of a sharp root and if they are rolled after heat
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treatment they retain large compressive stresses in the thread roots which
mitigate the applied tensile stresses.

Accelerated testing in environments aggressive for the specific material have
shown that fastener threads that are rolled after strengthening heat treatments
have improved resistance to stress corrosion cracking (SCC) initiation. For
example, intergranular SCC was produced in one day when machined (cut)
threads of high-strength steel ASTM A354 BD were exposed to an aggressive
aqueous environment containing 8 wt % boiling ammonium nitrate and
stressed to about 40 % of the steel's yield strength. In similar testing conditions,
bolts that were thread rolled before heat treatment (quench and temper) had
similar high susceptibility to SCC. However, threads rolled after the
strengthening heat treatment exhibited no SCC after a week of exposure, even
when stressed to 100 % of the alloy yield strength. ......This beneficial effect of
the optimum thread rolling process (i.e., threads rolled after the strengthening
heat treatment) is due to the retention of large residual compressive stresses in
the thread roots (notches), which mitigate the applied notch tensile stresses
resulting from joint design preloads. The main thing that was learned by the
technical literature searches regarding rolled threads is that they have always
improved resistance to SCC and fatigue. That “ ...rolled threads are expected to
increase the resistance to HE/SCC of the anchor rods on the SAS. While the
hardened material at the root of the thread will have a low Kisc, this is not
important since the high compressive residual stresses at the root of the
threads prevent crack initiation or propagation in this area.” (Ref: ASTM
Volume 3, Issue 7, July 2006 “Optimum Thread Rolling Process that Improves
SCC Resistance” ; and in Appendix G, Jeff Gorman, Dominion Engineering, Inc —
“Review of the Use of Cold Rolled Threads for Anchor Rods on the San Francisco
Oakland Bay Bridge (SFOBB)” discusses the use of rolled vs. cut threads.)

e Use of an alloy with greater toughness that allows more complete and
uniform hardening: E.g. using AISI 4340 vs. 4140 alloy. The tougher the
material, the more itis capable of resisting SCC. The harder the material the
more susceptible it is to SCC.

e Minimizing applied stress: e.g. Pretension <= 0.5 Fu. The greater the hydrogen
concentration becomes, the lower the critical stress, or lower the hydrogen
concentration, the higher the critical stress at which failure may occur.

e Control corrosion utilizing protection that minimizes electric potential and/or
eliminates contact with hydrogen compounds (e.g. water): First - Do not
galvanize the material. Then: use grease with the virtue of its dielectric
properties; paint coating(s) that protects the underlying metal largely by virtue
of their high electrical resistance which restricts the passage of current from the
anode to the cathode; and/or dehumidification that eliminates hydrogen
compounds. Paints are effective at restricting SCC, particularly when they
incorporate inhibitors that caninhibit any solution that does find its way to the
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metal. Paints can also protect and passivate zinc coatings. Note that concrete
or cement grout provides good corrosion protection to bare steel. However,
there is concern regarding the durability of galvanized high strength steel bolts
and strands in contact with concrete or cementitious grout - that concrete as
protection to galvanized high strength steel represents a risk of hydrogen
induced stress corrosion for high strength bolts and prestressing steel. These
concerns are based on the fact that zinc reacts with wet concrete to form
calcium hydroxyzincate accompanied by the production of hydrogen and in the
process. Depending on its thickness and condition, the zinc coating caninhibit
the passage of this hydrogen into the steel but if there are existing holidays in
the zinc coating or if enough of the zinc layer is dissolved in the reaction, the
hydrogen can penetrate into the steel. The Post Tensioning Institute (PTI, 1998)
recommendations prohibit contact between cement grout and galvanized
strands because of the risk of (SCC) hydrogen embrittlement. (Ref” NCHRP
Report 675 “LRFD Metal Loss and Service-Life Strength Reduction Factors for
Metal-Reinforced Systems”; FIB Technical report “Effect of Zinc on Prestressing
Steel, Feb 2012) .

Fracture Mechanics Analysis
The fracture mechanics table and graph below covers four ASTM A354 rods: the two

from the San Francisco Oakland Bay Bridge (SFOBB) both came from Dyson, one in 2008
and the other in 2010; and the two from the Hood Canal Floating Bridge (HCB) are the
original bolts from Dyson in 2005 and the replacement bolts from Portland Bolt in 2009.

The fracture mechanics graph and table below illustrate the estimated crack depth vs.
the applied nominal stress at which brittle fracture may occur in a threaded rod. The
fracture driving force is the stress intensity factor (K|) calculated based on the level of
applied stress (o) and the depth of an edge crack (a) initiated from the thread root. The
fracture resistance is the fracture toughness of steel (K) estimated from Charpy V-
notch (CVN) impact test data of material samples removed from the rods. The
calculations cover a range of nominal tensile stress varying from 0.35F, to 0.85F,, where
Fu is the nominal tensile strength of 140 ksi of the ASTM A354 Grade BD rods. The graph
includes three K. values for the original rods and the Portland Bolt replacement rods of
the HCB. The table alsoincludes two K. values for the 2008 and 2010 rods of the SFOBB.

The fracture mechanics analysis is for comparative purposes. Calculations are based on
uniform nominal stresses that are used to calculate stress intensity factor for the
assumed crack configuration. Non-uniform stress from bending stresses caused by bolt
eccentricity or residual stress due to rolled vs. cut threads were not considered. The
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analysis considers only the state at the time of fracture, regardless of the process that
caused crack initiation.

As shown inthe graph and the table, the higher the loading stress, the smaller the crack
depth needed to cause a rupture; similarly, the lower the fracture toughness, the
smaller the crack depth needed to cause a rupture.

In the graph, each solid curved line represents the increase of K; with the increase of
crack depth at a specific stress level; and the horizontal dashed lines represent the three
K. values estimated from CVN data. The intersecting points between the solid lines and
the dashed lines mark the combinations of applied stress level (o) and crack depth (a) at
which brittle fracture should be expected for each toughness value (Kc).

It should be noted that all the K, curves exhibit a “plateau” in the region of crack depth
varying between 0.05" and 0.25". This is likely due to the combined effects of decrease
in local stress concentration due to thread and increase in crack depth. After the crack
depth goes beyond this range, K, consistently increases with increasing crack depth
because the local stress concentration due to thread is no more effective. This plateau
appears inthe form of “jumps” inthe table format.

In the table, the highlighted cells correspond to the combinations of applied stress level
(o) and crack depth (a) that result in a stress intensity factor (K;) close to (within +/-0.5
ksiVin) the fracture toughness (K.) of one of the four rods. Explanations for the color
coding in the table are provided below.

Pink = HCB 2005 original rods of AlSI 4140 alloy made by DYSON from Thompson Metal
Fab (TMF); K. =37 ksiVvin at service temperature of -37°F estimated from the transition
region CVN- K. correlation (average CVN = 9.5 ft-lb at -20°F). Material properties are
based on Lisin Tests Report 1 and 2 and MTRs from TMF (Ref. Appendix).

Orange = HCB 2005 original rods of AISI 4140 alloy made by DYSON from Thompson
Metal Fab (TMF); Kic = 74 ksiVin for service temperatures at or higher than 20°F
estimated from the upper-shelf CVN- K. correlation (average CVN =14.90 ft-lb at 20°F,
and 14.92 ft-1b at 40°F, respectively). Material properties are based on Lisin Tests Report
1 and 2 and MTRs from TMF (Ref. Appendix).

Blue = HCB 2009 replacement rods of AISI 4340 alloy made by Portland Bolt (PB); K. = 82
ksivin at service temperature of -19°F estimated from the transition region CVN- K|,
correlation (average CVN =46 ft-lb at -20°F). These rods have significantly higher
fracture toughness and may be expected to exhibit similar characteristics as the 2013
SFOBB rods. (For material properties Ref. PB MTR’s in Appendix)
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=SFOBB 2008 rods of AISI 4140 alloy made by DYSON; K. = 67 ksiVin at service

temperature of 40°F estimated from the upper-shelf CVN- K. correlation (average CVN =
13.5 ft-lb at 40°F).

Green =SFOBB 2010 rods of AlSI 4140 alloy made by DYSON; K. = 145 ksiVin at service

temperature of 40°F estimated from the upper-shelf CVN- K. correlation (average CVN =
37 ft-lb at 40°F).

The fracture mechanics graph and table are shown below and in the following five
pages.
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Calculated K, vs. K. at Fracture for a Curved-straight Edge Surface Crack from Thread Root
(3"-8UN Rod, nominal F,=140 ksi, a=crack depth, c=nominal stress for tensile stress area)

e IR i SN .
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| l8) Circuler {6} Eliptical E  Straight

FHH

K, = F(a/d)o\(na)
where, F(a/d) = 2.043exp(-31.332a/d) + 0.6507 + 0.5367(a/d) + 3.0469(a/d)* - 19.504(a/d)’ + 45.647(a/d)"
SIF K, vs. Fracture Toughness K, for a Curved-Straight Edge Crack from Thread Root

Nominal Stress g is for Tensile Stress Area of 3"-8UN Threaded Rod of Nominal F,=140 ksi
K,. Estimated from CVN via Transition Region (Trans) or Upper Shelf (Upp.Sh.) Correl

700.00
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/ / e 0 = 0.85Fu (119 ksi)
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Stress Intensity Factor K (ksiVin)
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HCB Orig. (Upp.Sh.)
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Crack Depth a Measured from Thread Root (in)

Notes:

1) Fracture toughness K, is estimated from CVN and tensile testdata (IMR KHA Report Nos. 201311742
and 201400457) per K.-CVN correlations in “Barsom, J.M. and Rolfe, S.T., Fracture and Fatigue
Control in Structures, 3rd Ed., ASTM, 1999”. For HCB original rods, K. was estimated for transition
region and upper-shelf based on CVN data at -20°F, 20°F, and 40°F. For HCB replacement rods, K.
was estimated for transition region only since CVN data was only available at-20°F.

2) Stress intensity factor K, is calculated per solution in “Liu, A.F., Behavior of Fatigue Cracks in a
Tension Bolt, Structural Integrity of Fasteners, ASTM STP 1236, 1995”. Crack depth a is measured
from thread root, of front changing from circular to straight near a/D=0.5.

3) Rod and thread dimensions are taken from ASME B1.1-2003 Unified Inch Screw Threads, thread type:
3" - 8 UN 2A for HCB.
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Calculated K, vs. K. at Fracture for a Curved-straight Edge Surface Crack from Thread Root for 3"-8UN Rod, F, = 140 ksi, a = crack depth, o = nominal stress for tensile stress area
(Listed values are stress intensity factor K, of sharp cracks of depth a measured from thread root at different nominal stress levels)
K. Estimation from CVN (Transition region CVN-K,. correlation) (Upper shelf CVN-K. correlation)
Fracture Toughness K,: HCB Original at -37°F:[ 37 ksivin HCB Original at >20°F:[[74ksiin | SFOBB 2010 at 40°F:[ 145 ksivin
HCB Replacement (Portland) at -19°F:| 82 ksivin SFOBB 2008 at 40°F:| 67 ksivin
Note: For the Hood Canal Bridge (HCB) Portland replacement rods , K. was estimated for transition region only since CVN data was only available at -20°F. The 4340 alloy
may be expected to exhibit similar characteristics as the SFOBB 2010 replacement rod specification.
/d K = F(a /d)ovna (ksivin), where F(a /d) = 2.043exp(-31.332a /d) + 0.6507 + 0.5367(a /d) + 3.0469(a /d)’ - 19.504(a /d)? + 45.647(a /d)"
(;‘) (d=278486") F(a/d) 0=0.35F, |0=0.4F,(56| 6=0.45F, | 6=0.5F, | 6=0.55F, | 6=0.6F, | 6=0.65F, | 6=0.7F, | 6=0.75F, | 6=0.8F, | o=0.85F,
(49 ksi) ksi) (63 ksi) (70 ksi) (77 ksi) (84 ksi) (91 ksi) (98 ksi) (105 ksi) (112 ksi) (119 ksi)

0.000 0.000 2.694 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.001 0.000 2.672 7.34 8.39 9.43 10.48 11.53 12.58 13.63 14.67 15.72 16.77 17.82
0.002 0.001 2.650 10.29 11.76 13.23 14.70 16.17 17.64 19.11 20.58 22.05 23.52 24.99
0.003 0.001 2.628 12.50 14.29 16.07 17.86 19.64 21.43 23.22 25.00 26.79 28.57 30.36
0.004 0.001 2.607 14.32 16.36 18.41 20.45 22.50 24.54 26.59 28.63 30.68 32.73 34.77
0.005 0.002 2.585 15.88 18.15 20.41 22.68 24.95 27.22 29.49 31.75 34.02 36.29 38.56
0.006 0.002 2.564 17.25 19.72 22.18 24.65 27.11 29.57 32.04 34.50 36.97 39.43 41.90
0.007 0.002 2.544 18.48 21.12 23.76 26.40 29.04 31.69 34.33 36.97 39.61 42.25 44.89
0.008 0.003 2.523 19.60 22.40 25.20 28.00 30.80 33.60 36.40 39.20 42.00 44.80 47.60
0.009 0.003 2.503 20.62 23.57 26.51 29.46 32.41 35.35 38.30 41.24 44.19 47.14 50.08
0.010 0.004 2.483 21.56 24.64 27.72 30.80 33.89 36.97 40.05 43.13 46.21 49.29 52.37
0.011 0.004 2.463 22.44 25.64 28.85 32.05 35.26 38.46 41.67 44.87 48.08 51.28 54.49
0.012 0.004 2.443 23.25 26.57 29.89 33.21 36.53 39.85 43.17 46.49 49.81 53.13 56.46
0.013 0.005 2.424 24.00 27.43 30.86 34.29 37.72 41.15 44.58 48.01 51.44 54.87 58.29
0.014 0.005 2.405 24.71 28.24 31.77 35.30 38.83 42.36 45.90 49.43 52.96 56.49 60.02
0.015 0.005 2.386 25.38 29.00 32.63 36.25 39.88 43.51 47.13 50.76 54.38 58.01 61.63
0.016 0.006 2.367 26.00 29.72 33.43 A5 40.86 44.58 48.29 52.01 55.72 59.44 63.15
0.017 0.006 2.349 26.60 30.39 34.19 37.99 41.79 45.59 49.39 53.19 56.99 60.79 64.59
0.018 0.006 2.330 27.15 31.03 34.91 38.79 42.67 46.55 50.43 54.31 58.18 62.06 65.94
0.019 0.007 2.312 27.68 31.63 35.59 39.54 43.50 47.45 51.40 55.36 59.31 63.27 67.22
0.020 0.007 2.294 28.18 32.20 36.23 40.25 44.28 48.31 52.33 56.36 60.38 64.41 68.43
0.021 0.007 2.276 28.65 32.74 36.84 40.93 45.02 49.12 53.21 57.30 61.40 65.49 69.58
0.022 0.008 2.259 29.10 33.26 37.41 41.57 45.73 49.88 54.04 58.20 62.36 66.51 70.67
0.023 0.008 2.242 29.52 33.74 37.96 42.18 46.40 50.61 54.83 59.05 63.27 67.49 71.70
0.024 0.008 2.224 29.93 34.20 38.48 42.76 47.03 51.31 55.58 59.86 64.13 68.41 72.69
0.025 0.009 2.207 30.31 34.64 38.97 43.31 47.64 51.97 56.30 60.63 64.96 69.29 73.62
0.026 0.009 2.191 30.68 35.06 39.44 43.83 48.21 52.59 56.98 61.36 65.74 70.12 74.51
0.027 0.009 2.174 31.03 35.46 39.89 44.32 48.76 53.19 57.62 62.05 66.49 70.92 75.35
0.028 0.010 2.158 31.36 35.84 40.32 44.80 49.28 53.76 58.24 62.72 67.20 71.67 76.15
0.029 0.010 2.142 31.67 36.20 40.72 45.25 49.77 54.30 58.82 63.35 67.87 72.40 76.92
0.030 0.011 2.125 31.97 36.54 41.11 45.68 50.24 54.81 59.38 63.95 68.51 73.08 77.65
0.031 0.011 2.110 32.26 36.87 41.48 46.08 50.69 55.30 59.91 64.52 69.13 73.74 78.34
0.032 0.011 2.094 32.53 37.18 41.83 46.47 51.12 55.77 60.42 65.06 69.71 74.36 79.01
0.033 0.012 2.078 32.79 37.48 42.16 46.85 51.53 56.21 60.90 65.58 70.27 74.95 79.64
0.034 0.012 2.063 33.04 37.76 42.48 47.20 51.92 56.64 61.36 66.08 70.80 75.52 80.24
0.035 0.012 2.048 33.28 38.03 42.78 47.54 52.29 57.04 61.80 66.55 71.30 76.06 80.81
0.036 0.013 2.033 33.50 38.29 43.07 47.86 52.64 57.43 62.21 67.00 71.79 76.57 81.36
0.037 0.013 2.018 33.71 38.53 43.35 48.16 52.98 57.80 62.61 67.43 72.25 77.06 81.88
0.038 0.013 2.003 33.92 38.76 43.61 48.46 53.30 58.15 62.99 67.84 72.68 77.53 82.37
0.039 0.014 1.989 34.11 38.99 43.86 48.73 53.61 58.48 63.35 68.23 73.10 77.97 82.85
0.040 0.014 1.975 34.30 39.20 44.10 49.00 53.90 58.80 63.70 68.60 73.50 78.40 83.30
0.041 0.014 1.960 34.48 39.40 44.33 49.25 54.18 59.10 64.03 68.95 73.88 78.80 83.73
0.042 0.015 1.946 34.64 39.59 44.54 49.49 54.44 59.39 64.34 69.29 74.24 79.19 84.14
0.043 0.015 1.933 34.80 39.78 44.75 49.72 54.69 59.66 64.64 69.61 74.58 79.55 84.52
0.044 0.015 1.919 34.96 39.95 44.94 49.94 54.93 59.93 64.92 69.91 74.91 79.90 84.90
0.045 0.016 1.905 35.10 40.12 45.13 50.15 55.16 60.18 65.19 70.20 75.22 80.23 85.25
0.046 0.016 1.892 35.24 40.27 45.31 50.34 55.38 60.41 65.45 70.48 75.51 80.55 85.58
0.047 0.016 1.879 35.37 40.42 45.48 50.53 55.58 60.64 65.69 70.74 75.80 80.85 85.90
0.048 0.017 1.865 35.50 40.57 45.64 50.71 55.78 60.85 65.92 70.99 76.06 81.14 86.21
0.049 0.017 1.853 35.62 40.70 45.79 50.88 55.97 61.05 66.14 71.23 76.32 81.41 86.49
0.050 0.018 1.840 35.73 40.83 45.94 51.04 56.14 61.25 66.35 71.46 76.56 81.66 86.77
0.052 0.018 1.815 35.94 41.07 46.20 51.34 56.47 61.61 66.74 71.87 77.01 82.14 87.27
0.054 0.019 1.790 36.12 41.28 46.44 51.60 56.77 61.93 67.09 72.25 77.41 82.57 87.73
0.056 0.020 1.766 36.29 41.48 46.66 51.84 57.03 62.21 67.40 72.58 77.77 82.95 88.14
0.058 0.020 1.742 36.44 41.65 46.85 52.06 57.26 62.47 67.68 72.88 78.09 83.29 88.50
0.060 0.021 1.719 36.57 41.80 47.02 52.25 57.47 62.70 67.92 73.15 78.37 83.60 88.82
0.062 0.022 1.697 36.69 41.93 47.17 52.42 57.66 62.90 68.14 73.38 78.62 83.86 89.11
0.064 0.022 1.675 36.79 42.05 47.31 52.56 57.82 63.08 68.33 73.59 78.84 84.10 89.36
0.066 0.023 1.653 36.88 42.15 47.42 52.69 57.96 63.23 68.50 73.77 79.04 84.31 89.58
0.068 0.024 1.632 36.96 42.24 47.52 52.80 58.08 63.36 68.64 73.92 79.20 84.48 89.76
0.070 0.025 1.611 37.03 42.32 47.61 52.90 58.19 63.48 68.77 74.06 79.35 84.64 89.93
0.072 0.025 1.591 37.08 42.38 47.68 52.98 58.28 63.57 68.87 74.17 79.47 84.77 90.06
0.074 0.026 1.572 37.13 42.44 47.74 53.05 58.35 63.65 68.96 74.26 79.57 84.87 90.18
0.076 0.027 1.552 37.17 42.48 47.79 53.10 58.41 63.72 69.03 74.34 79.65 84.96 90.27
0.078 0.027 1.534 37.20 42.51 47.83 53.14 58.46 63.77 69.08 74.40 79.71 85.03 90.34
0.080 0.028 1.515 37.22 42.54 47.86 53.17 58.49 63.81 69.13 74.44 79.76 85.08 90.40
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s K = F(a /d)ovra (ksivin), where F(a /d) = 2.043exp(-31.332a /d) + 0.6507 + 0.5367(a /d) + 3.0469(a /d)? - 19.504(a /d)* + 45.647(a /d)*
(:‘) ( d:;g 286") F(a/d) | o=0.35F, |o=0.4F,(56| 6=0.45F, | 6=05F, | 6=0.55F, | 6=0.6F, | 0=0.65F, | 6=0.7F, | c=0.75F, | 0=0.8F, | o=0.85F,
(49 ksi) ksi) (63 ksi) (70 ksi) (77 ksi) (84 ksi) (91 ksi) (98ksi) | (105ksi) | (112ksi) | (119 ksi)
0.450 0.158 0.778 45.30 51.77 58.24 64.71 71.19 77.66 84.13 90.60 97.07 103.54 110.01
0.455 0.160 0.778 45.58 52.10 58.61 65.12 71.63 78.14 84.66 91.17 97.68 104.19 110.70
0.460 0.161 0.779 45.87 52.42 58.97 65.53 72.08 78.63 85.19 91.74 98.29 104.84 111.40
0.465 0.163 0.779 46.16 52.75 59.34 65.94 72.53 79.12 85.72 92.31 98.91 105.50 112.09
0.470 0.165 0.780 46.44 53.08 59.71 66.35 72.98 79.62 86.25 92.89 99.52 106.16 112.79
0.475 0.167 0.781 46.73 53.41 60.09 66.76 73.44 80.12 86.79 93.47 100.15 106.82 113.50
0.480 0.169 0.782 47.03 53.74 60.46 67.18 73.90 80.62 87.34 94.05 100.77 107.49 114.21
0.485 0.170 0.782 47.32 54.08 60.84 67.60 74.36 81.12 87.88 94.64 101.40 108.16 114.92
0.490 0.172 0.783 47.61 54.42 61.22 68.02 74.82 81.62 88.43 95.23 102.03 108.83 115.63
0.495 0.174 0.784 47.91 54.75 61.60 68.44 75.29 82.13 88.98 95.82 102.67 109.51 116.35
0.500 0.176 0.785 48.21 55.09 61.98 68.87 75.76 82.64 89.53 96.42 103.30 110.19 117.08
0.505 0.177 0.786 48.51 55.44 62.37 69.30 76.22 83.15 90.08 97.01 103.94 110.87 117.80
0.510 0.179 0.787 48.81 55.78 62.75 69.72 76.70 83.67 90.64 97.61 104.59 111.56 118.53
0.515 0.181 0.788 49.11 56.12 63.14 70.15 77.17 84.19 91.20 98.22 105.23 112.25 119.26
0.520 0.183 0.789 49.41 56.47 63.53 70.59 77.65 84.70 91.76 98.82 105.88 112.94 120.00
0.525 0.184 0.790 49.72 56.82 63.92 71.02 78.12 85.23 92.33 99.43 106.53 113.63 120.74
0.530 0.186 0.791 50.02 57.17 64.31 71.46 78.60 85.75 92.90 100.04 107.19 114.33 121.48
0.535 0.188 0.792 50.33 57.52 64.71 71.90 79.09 86.28 93.47 100.66 107.84 115.03 122.22
0.540 0.190 0.793 50.64 57.87 65.10 7234 79.57 86.80 94.04 101.27 108.51 115.74 122.97
0.545 0.191 0.795 50.95 58.22 65.50 72.78 80.06 87.33 94.61 101.89 109.17 116.45 123.72
0.550 0.193 0.796 51.26 58.58 65.90 73.22 80.55 87.87 95.19 102.51 109.83 117.16 124.48
0.555 0.195 0.797 5157 58.94 66.30 73.67 81.04 88.40 95.77 103.14 110.50 117.87 125.24
0.560 0.197 0.798 51.88 59.29 66.71 74.12 81.53 88.94 96.35 103.76 111.18 118.59 126.00
0.565 0.198 0.800 52.20 59.65 67.11 74.57 82.02 89.48 96.94 104.39 111.85 119.31 126.76
0.570 0.200 0.801 52.51 60.02 67.52 75.02 82.52 90.02 97.53 105.03 112.53 120.03 127.53
0.575 0.202 0.802 52.83 60.38 67.93 75.47 83.02 90.57 98.12 105.66 113.21 120.76 128.31
0.580 0.204 0.804 53.15 60.74 68.34 75.93 83.52 91.12 98.71 106.30 113.90 121.49 129.08
0.585 0.205 0.805 53.47 61.11 68.75 76.39 84.03 91.67 99.31 106.94 114.58 122.22 129.86
0.590 0.207 0.806 53.79 61.48 69.16 76.85 84.53 92.22 99.90 107.59 115.27 122.96 130.64
0.595 0.209 0.808 54.12 61.85 69.58 77.31 85.04 92.77 100.51 108.24 115.97 123.70 131.43
0.600 0.211 0.809 54.44 62.22 70.00 77.78 85.55 93.33 101.11 108.89 116.67 124.44 132.22
0.605 0.212 0.811 54.77 62.60 70.42 78.24 86.07 93.89 101.72 109.54 117.37 125.19 133.02
0.610 0.214 0.812 55.10 62.97 70.84 78.71 86.59 94.46 102.33 110.20 118.07 125.94 133.81
0.615 0.216 0.814 55.43 63.35 71.27 79.19 87.11 95.02 102.94 110.86 118.78 126.70 134.62
0.620 0.218 0.815 55.76 63.73 71.70 79.66 87.63 95.59 103.56 111.53 119.49 127.46 135.43
0.625 0.219 0.817 56.10 64.11 72.13 80.14 88.15 96.17 104.18 112.20 120.21 128.22 136.24
0.630 0.221 0.819 56.43 64.50 72.56 80.62 88.68 96.74 104.81 112.87 120.93 128.99 137.05
0.635 0.223 0.820 56.77 64.88 72.99 81.10 89.21 97.32 105.43 113.54 121.65 129.76 137.87
0.640 0.225 0.822 57.11 65.27 73.43 81.59 89.75 97.91 106.06 114.22 122.38 130.54 138.70
0.645 0.226 0.824 57.45 65.66 73.87 82.08 90.28 98.49 106.70 114.91 123.12 131.32 139.53
0.650 0.228 0.825 57.80 66.05 7431 82.57 90.83 99.08 107.34 115.60 123.85 132.11 140.37
0.655 0.230 0.827 58.14 66.45 74.76 83.06 91.37 99.68 107.98 116.29 124.59 132.90 141.21
0.660 0.232 0.829 58.49 66.85 75.20 83.56 91.92 100.27 108.63 116.99 125.34 133.70 142.05
0.665 0.233 0.831 58.84 67.25 75.66 84.06 92.47 100.87 109.28 117.69 126.09 134.50 142.91
0.670 0.235 0.833 59.20 67.65 76.11 84.57 93.02 101.48 109.94 118.39 126.85 135.31 143.76
0.675 0.237 0.835 59.55 68.06 76.57 85.07 93.58 102.09 110.60 119.10 127.61 136.12 144.63
0.680 0.239 0.837 59.91 68.47 77.03 85.59 94.14 102.70 111.26 119.82 128.38 136.94 145.49
0.685 0.240 0.838 60.27 68.88 77.49 86.10 94.71 103.32 111.93 120.54 129.15 137.76 146.37
0.690 0.242 0.840 60.63 69.29 77.96 86.62 95.28 103.94 112.60 121.27 129.93 138.59 147.25
0.695 0.244 0.842 61.00 69.71 78.43 87.14 95.86 104.57 113.28 122.00 130.71 139.43 148.14
0.700 0.246 0.845 61.37 70.13 78.90 87.67 96.43 105.20 113.97 122.73 131.50 140.27 149.03
0.705 0.247 0.847 61.74 70.56 79.38 88.20 97.02 105.84 114.66 123.48 132.30 141.12 149.94
0.710 0.249 0.849 62.11 70.99 79.86 88.73 97.61 106.48 115.35 124.23 133.10 141.97 150.84
0.715 0.251 0.851 62.49 71.42 80.34 89.27 98.20 107.13 116.05 124.98 133.91 142.83 151.76
0.720 0.253 0.853 62.87 71.85 80.83 89.81 98.80 107.78 116.76 125.74 134.72 143.70 152.68
0.725 0.255 0.855 63.25 72.29 81.33 90.36 99.40 108.43 117.47 126.51 135.54 144.58 153.62
0.730 0.256 0.858 63.64 72.73 81.82 90.91 100.01 109.10 118.19 127.28 136.37 145.46 154.55
0.735 0.258 0.860 64.03 73.18 82.32 91.47 100.62 109.77 118.91 128.06 137.21 146.35 155.50
0.740 0.260 0.862 64.42 73.63 82.83 92.03 101.24 110.44 119.64 128.85 138.05 147.25 156.46
0.745 0.262 0.865 64.82 74.08 83.34 92.60 101.86 111.12 120.38 129.64 138.90 148.16 157.42
0.750 0.263 0.867 65.22 74.54 83.86 93.17 102.49 111.81 121.12 130.44 139.76 149.08 158.39
0.755 0.265 0.870 65.62 75.00 84.37 93.75 103.12 112.50 121.87 131.25 140.62 150.00 159.37
0.760 0.267 0.872 66.03 75.47 84.90 94.33 103.77 113.20 122.63 132.07 141.50 150.93 160.37
0.765 0.269 0.875 66.44 75.94 85.43 94.92 104.41 113.91 123.40 132.89 142.38 151.87 161.37
0.770 0.270 0.877 66.86 76.41 85.96 95.52 105.07 114.62 124.17 133.72 143.27 152.82 162.38
0.775 0.272 0.880 67.28 76.89 86.50 96.12 105.73 115.34 124.95 134.56 144.17 153.78 163.40
0.780 0.274 0.883 67.70 77.38 87.05 96.72 106.39 116.07 125.74 135.41 145.08 154.75 164.43
0.785 0.276 0.885 68.13 77.87 87.60 97.33 107.07 116.80 126.53 136.27 146.00 155.73 165.47
0.790 0.277 0.888 63.57 78.36 83.16 97.95 107.75 117.54 127.34 137.13 146.93 156.72 166.52
0.795 0.279 0.891 69.00 78.86 88.72 98.58 108.43 118.29 128.15 138.01 147.87 157.72 167.58
0.800 0.281 0.894 69.45 79.37 89.29 99.21 109.13 119.05 128.97 138.89 148.81 158.73 168.65
0.805 0.283 0.897 69.89 79.88 89.86 99.85 109.83 119.82 129.80 139.79 149.77 159.75 169.74
0.810 0.284 0.900 70.34 80.39 90.44 100.49 110.54 120.59 130.64 140.69 150.74 160.79 170.84
0.815 0.286 0.903 70.80 80.92 91.03 101.14 111.26 121.37 131.49 141.60 151.72 161.83 171.95
0.820 0.288 0.906 71.26 81.44 91.62 101.80 111.98 122.16 132.35 142.53 152.71 162.89 173.07
0.825 0.290 0.909 71.73 81.98 92.22 102.47 112.72 122.97 133.21 143.46 153.71 163.95 174.20
0.830 0.291 0.913 72.20 82.52 92.83 103.15 113.46 123.77 134.09 144.40 154.72 165.03 175.35
0.835 0.293 0.916 72.68 83.06 93.45 103.83 114.21 124.59 134.98 145.36 155.74 166.13 176.51
0.840 0.295 0.919 73.16 83.62 94.07 104.52 114.97 125.42 135.87 146.33 156.78 167.23 177.68
0.845 0.297 0.923 73.65 84.17 94.70 105.22 115.74 126.26 136.78 147.30 157.83 168.35 17887
0.850 0.298 0.926 74.15 84.74 95.33 105.92 116.52 127.11 137.70 148.29 158.89 169.48 140 eh




HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

s K = F(a /d)ovra (ksivin), where F(a /d) = 2.043exp(-31.332a /d) + 0.6507 + 0.5367(a /d) + 3.0469(a /d)? - 19.504(a /d)* + 45.647(a /d)*
(:‘) ( d:;g 286") F(a/d) | o=0.35F, |o=0.4F,(56| 6=0.45F, | 6=05F, | 6=0.55F, | 6=0.6F, | 0=0.65F, | 6=0.7F, | c=0.75F, | 0=0.8F, | o=0.85F,
(49 ksi) ksi) (63 ksi) (70 ksi) (77 ksi) (84 ksi) (91 ksi) (98ksi) | (105ksi) | (112ksi) | (119 ksi)
0.450 0.158 0.778 45.30 51.77 58.24 64.71 71.19 77.66 84.13 90.60 97.07 103.54 110.01
0.455 0.160 0.778 45.58 52.10 58.61 65.12 71.63 78.14 84.66 91.17 97.68 104.19 110.70
0.460 0.161 0.779 45.87 52.42 58.97 65.53 72.08 78.63 85.19 91.74 98.29 104.84 111.40
0.465 0.163 0.779 46.16 52.75 59.34 65.94 72.53 79.12 85.72 92.31 98.91 105.50 112.09
0.470 0.165 0.780 46.44 53.08 59.71 66.35 72.98 79.62 86.25 92.89 99.52 106.16 112.79
0.475 0.167 0.781 46.73 53.41 60.09 66.76 73.44 80.12 86.79 93.47 100.15 106.82 113.50
0.480 0.169 0.782 47.03 53.74 60.46 67.18 73.90 80.62 87.34 94.05 100.77 107.49 114.21
0.485 0.170 0.782 47.32 54.08 60.84 67.60 74.36 81.12 87.88 94.64 101.40 108.16 114.92
0.490 0.172 0.783 47.61 54.42 61.22 68.02 74.82 81.62 88.43 95.23 102.03 108.83 115.63
0.495 0.174 0.784 47.91 54.75 61.60 68.44 75.29 82.13 88.98 95.82 102.67 109.51 116.35
0.500 0.176 0.785 48.21 55.09 61.98 68.87 75.76 82.64 89.53 96.42 103.30 110.19 117.08
0.505 0.177 0.786 48.51 55.44 62.37 69.30 76.22 83.15 90.08 97.01 103.94 110.87 117.80
0.510 0.179 0.787 48.81 55.78 62.75 69.72 76.70 83.67 90.64 97.61 104.59 111.56 118.53
0.515 0.181 0.788 49.11 56.12 63.14 70.15 77.17 84.19 91.20 98.22 105.23 112.25 119.26
0.520 0.183 0.789 49.41 56.47 63.53 70.59 77.65 84.70 91.76 98.82 105.88 112.94 120.00
0.525 0.184 0.790 49.72 56.82 63.92 71.02 78.12 85.23 92.33 99.43 106.53 113.63 120.74
0.530 0.186 0.791 50.02 57.17 64.31 71.46 78.60 85.75 92.90 100.04 107.19 114.33 121.48
0.535 0.188 0.792 50.33 57.52 64.71 71.90 79.09 86.28 93.47 100.66 107.84 115.03 122.22
0.540 0.190 0.793 50.64 57.87 65.10 7234 79.57 86.80 94.04 101.27 108.51 115.74 122.97
0.545 0.191 0.795 50.95 58.22 65.50 72.78 80.06 87.33 94.61 101.89 109.17 116.45 123.72
0.550 0.193 0.796 51.26 58.58 65.90 73.22 80.55 87.87 95.19 102.51 109.83 117.16 124.48
0.555 0.195 0.797 5157 58.94 66.30 73.67 81.04 88.40 95.77 103.14 110.50 117.87 125.24
0.560 0.197 0.798 51.88 59.29 66.71 74.12 81.53 88.94 96.35 103.76 111.18 118.59 126.00
0.565 0.198 0.800 52.20 59.65 67.11 74.57 82.02 89.48 96.94 104.39 111.85 119.31 126.76
0.570 0.200 0.801 52.51 60.02 67.52 75.02 82.52 90.02 97.53 105.03 112.53 120.03 127.53
0.575 0.202 0.802 52.83 60.38 67.93 75.47 83.02 90.57 98.12 105.66 113.21 120.76 128.31
0.580 0.204 0.804 53.15 60.74 68.34 75.93 83.52 91.12 98.71 106.30 113.90 121.49 129.08
0.585 0.205 0.805 53.47 61.11 68.75 76.39 84.03 91.67 99.31 106.94 114.58 122.22 129.86
0.590 0.207 0.806 53.79 61.48 69.16 76.85 84.53 92.22 99.90 107.59 115.27 122.96 130.64
0.595 0.209 0.808 54.12 61.85 69.58 77.31 85.04 92.77 100.51 108.24 115.97 123.70 131.43
0.600 0.211 0.809 54.44 62.22 70.00 77.78 85.55 93.33 101.11 108.89 116.67 124.44 132.22
0.605 0.212 0.811 54.77 62.60 70.42 78.24 86.07 93.89 101.72 109.54 117.37 125.19 133.02
0.610 0.214 0.812 55.10 62.97 70.84 78.71 86.59 94.46 102.33 110.20 118.07 125.94 133.81
0.615 0.216 0.814 55.43 63.35 71.27 79.19 87.11 95.02 102.94 110.86 118.78 126.70 134.62
0.620 0.218 0.815 55.76 63.73 71.70 79.66 87.63 95.59 103.56 111.53 119.49 127.46 135.43
0.625 0.219 0.817 56.10 64.11 72.13 80.14 88.15 96.17 104.18 112.20 120.21 128.22 136.24
0.630 0.221 0.819 56.43 64.50 72.56 80.62 88.68 96.74 104.81 112.87 120.93 128.99 137.05
0.635 0.223 0.820 56.77 64.88 72.99 81.10 89.21 97.32 105.43 113.54 121.65 129.76 137.87
0.640 0.225 0.822 57.11 65.27 73.43 81.59 89.75 97.91 106.06 114.22 122.38 130.54 138.70
0.645 0.226 0.824 57.45 65.66 73.87 82.08 90.28 98.49 106.70 114.91 123.12 131.32 139.53
0.650 0.228 0.825 57.80 66.05 7431 82.57 90.83 99.08 107.34 115.60 123.85 132.11 140.37
0.655 0.230 0.827 58.14 66.45 74.76 83.06 91.37 99.68 107.98 116.29 124.59 132.90 141.21
0.660 0.232 0.829 58.49 66.85 75.20 83.56 91.92 100.27 108.63 116.99 125.34 133.70 142.05
0.665 0.233 0.831 58.84 67.25 75.66 84.06 92.47 100.87 109.28 117.69 126.09 134.50 142.91
0.670 0.235 0.833 59.20 67.65 76.11 84.57 93.02 101.48 109.94 118.39 126.85 135.31 143.76
0.675 0.237 0.835 59.55 68.06 76.57 85.07 93.58 102.09 110.60 119.10 127.61 136.12 144.63
0.680 0.239 0.837 59.91 68.47 77.03 85.59 94.14 102.70 111.26 119.82 128.38 136.94 145.49
0.685 0.240 0.838 60.27 68.88 77.49 86.10 94.71 103.32 111.93 120.54 129.15 137.76 146.37
0.690 0.242 0.840 60.63 69.29 77.96 86.62 95.28 103.94 112.60 121.27 129.93 138.59 147.25
0.695 0.244 0.842 61.00 69.71 78.43 87.14 95.86 104.57 113.28 122.00 130.71 139.43 148.14
0.700 0.246 0.845 61.37 70.13 78.90 87.67 96.43 105.20 113.97 122.73 131.50 140.27 149.03
0.705 0.247 0.847 61.74 70.56 79.38 88.20 97.02 105.84 114.66 123.48 132.30 141.12 149.94
0.710 0.249 0.849 62.11 70.99 79.86 88.73 97.61 106.48 115.35 124.23 133.10 141.97 150.84
0.715 0.251 0.851 62.49 71.42 80.34 89.27 98.20 107.13 116.05 124.98 133.91 142.83 151.76
0.720 0.253 0.853 62.87 71.85 80.83 89.81 98.80 107.78 116.76 125.74 134.72 143.70 152.68
0.725 0.255 0.855 63.25 72.29 81.33 90.36 99.40 108.43 117.47 126.51 135.54 144.58 153.62
0.730 0.256 0.858 63.64 72.73 81.82 90.91 100.01 109.10 118.19 127.28 136.37 145.46 154.55
0.735 0.258 0.860 64.03 73.18 82.32 91.47 100.62 109.77 118.91 128.06 137.21 146.35 155.50
0.740 0.260 0.862 64.42 73.63 82.83 92.03 101.24 110.44 119.64 128.85 138.05 147.25 156.46
0.745 0.262 0.865 64.82 74.08 83.34 92.60 101.86 111.12 120.38 129.64 138.90 148.16 157.42
0.750 0.263 0.867 65.22 74.54 83.86 93.17 102.49 111.81 121.12 130.44 139.76 149.08 158.39
0.755 0.265 0.870 65.62 75.00 84.37 93.75 103.12 112.50 121.87 131.25 140.62 150.00 159.37
0.760 0.267 0.872 66.03 75.47 84.90 94.33 103.77 113.20 122.63 132.07 141.50 150.93 160.37
0.765 0.269 0.875 66.44 75.94 85.43 94.92 104.41 113.91 123.40 132.89 142.38 151.87 161.37
0.770 0.270 0.877 66.86 76.41 85.96 95.52 105.07 114.62 124.17 133.72 143.27 152.82 162.38
0.775 0.272 0.880 67.28 76.89 86.50 96.12 105.73 115.34 124.95 134.56 144.17 153.78 163.40
0.780 0.274 0.883 67.70 77.38 87.05 96.72 106.39 116.07 125.74 135.41 145.08 154.75 164.43
0.785 0.276 0.885 68.13 77.87 87.60 97.33 107.07 116.80 126.53 136.27 146.00 155.73 165.47
0.790 0.277 0.888 63.57 78.36 83.16 97.95 107.75 117.54 127.34 137.13 146.93 156.72 166.52
0.795 0.279 0.891 69.00 78.86 88.72 98.58 108.43 118.29 128.15 138.01 147.87 157.72 167.58
0.800 0.281 0.894 69.45 79.37 89.29 99.21 109.13 119.05 128.97 138.89 148.81 158.73 168.65
0.805 0.283 0.897 69.89 79.88 89.86 99.85 109.83 119.82 129.80 139.79 149.77 159.75 169.74
0.810 0.284 0.900 70.34 80.39 90.44 100.49 110.54 120.59 130.64 140.69 150.74 160.79 170.84
0.815 0.286 0.903 70.80 80.92 91.03 101.14 111.26 121.37 131.49 141.60 151.72 161.83 171.95
0.820 0.288 0.906 71.26 81.44 91.62 101.80 111.98 122.16 132.35 142.53 152.71 162.89 173.07
0.825 0.290 0.909 71.73 81.98 92.22 102.47 112.72 122.97 133.21 143.46 153.71 163.95 174.20
0.830 0.291 0.913 72.20 82.52 92.83 103.15 113.46 123.77 134.09 144.40 154.72 165.03 175.35
0.835 0.293 0.916 72.68 83.06 93.45 103.83 114.21 124.59 134.98 145.36 155.74 166.13 176.51
0.840 0.295 0.919 73.16 83.62 94.07 104.52 114.97 125.42 135.87 146.33 156.78 167.23 177.68
0.845 0.297 0.923 73.65 84.17 94.70 105.22 115.74 126.26 136.78 147.30 157.83 168.35 17887
0.850 0.298 0.926 74.15 84.74 95.33 105.92 116.52 127.11 137.70 148.29 158.89 169.48 1406




HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

s K = F(a /d)ovra (ksivin), where F(a /d) = 2.043exp(-31.332a /d) + 0.6507 + 0.5367(a /d) + 3.0469(a /d)? - 19.504(a /d)* + 45.647(a /d)*
(:‘) ( d:;g 286") F(a/d) | o=0.35F, |o=0.4F,(56| 6=0.45F, | 6=05F, | 6=0.55F, | 6=0.6F, | 0=0.65F, | 6=0.7F, | c=0.75F, | 0=0.8F, | o=0.85F,
(49 ksi) ksi) (63 ksi) (70 ksi) (77 ksi) (84 ksi) (91 ksi) (98ksi) | (105ksi) | (112ksi) | (119 ksi)
0.080 0.028 1515 37.22 42.54 47.86 53.17 58.49 63.81 69.13 74.44 79.76 85.08 90.40
0.082 0.029 1.497 37.24 42.56 47.88 53.20 58.52 63.84 69.15 74.47 79.79 85.11 90.43
0.084 0.029 1.480 37.25 42.57 47.89 53.21 58.53 63.85 69.17 74.49 79.81 85.13 90.46
0.086 0.030 1.463 37.25 42.57 47.89 53.21 58.54 63.86 69.18 74.50 79.82 85.14 90.46
0.088 0.031 1.446 37.25 42.57 47.89 53.21 58.53 63.85 69.17 74.50 79.82 85.14 90.46
0.090 0.032 1.429 37.24 42.56 47.88 53.20 58.52 63.84 69.16 74.48 79.80 85.12 90.44
0.092 0.032 1.413 37.23 42.55 47.87 53.19 58.50 63.82 69.14 74.46 79.78 85.10 90.42
0.094 0.033 1.398 37.21 42.53 47.85 53.16 58.48 63.80 69.11 74.43 79.75 85.06 90.38
0.096 0.034 1.382 37.20 42.51 47.82 53.14 58.45 63.76 69.08 74.39 79.71 85.02 90.33
0.098 0.034 1.367 37.17 42.48 47.80 53.11 58.42 63.73 69.04 74.35 79.66 84.97 90.28
0.100 0.035 1.353 37.15 42.46 47.76 53.07 58.38 63.68 68.99 74.30 79.61 84.91 90.22
0.105 0.037 1.317 37.08 42.37 47.67 52.97 58.26 63.56 68.86 74.15 79.45 84.75 90.04
0.110 0.039 1.284 36.99 42.28 47.56 52.85 58.13 63.41 68.70 73.98 79.27 84.55 89.84
0.115 0.040 1.253 36.90 42.17 47.44 52.71 57.98 63.26 68.53 73.80 79.07 84.34 89.61
0.120 0.042 1.223 36.80 42.06 47.32 52.57 57.83 63.09 68.35 73.60 78.86 84.12 89.38
0.125 0.044 1.195 36.70 41.94 47.19 52.43 57.67 62.92 68.16 73.40 78.65 83.89 89.13
0.130 0.046 1.169 36.60 41.83 47.06 52.29 57.52 62.75 67.97 73.20 78.43 83.66 88.89
0.135 0.047 1.144 36.50 41.72 46.93 52.15 57.36 62.58 67.79 73.01 78.22 83.44 88.65
0.140 0.049 1.120 36.41 41.61 46.81 52.01 57.22 62.42 67.62 72.82 78.02 83.22 88.42
0.145 0.051 1.098 36.32 41.51 46.70 51.89 57.08 62.26 67.45 72.64 77.83 83.02 88.21
0.150 0.053 1.077 36.24 41.41 46.59 51.77 56.95 62.12 67.30 72.48 77.65 82.83 88.01
0.155 0.054 1.058 36.16 41.33 46.49 51.66 56.83 61.99 67.16 72.32 77.49 82.66 87.82
0.160 0.056 1.039 36.09 41.25 46.41 51.56 56.72 61.88 67.03 72.19 77.35 82.50 87.66
0.165 0.058 1.021 36.04 41.18 46.33 51.48 56.63 61.78 66.92 72.07 77.22 82.37 87.52
0.170 0.060 1.005 35.99 41.13 46.27 51.41 56.55 61.69 66.83 71.97 77.11 82.25 87.39
0.175 0.061 0.989 35.95 41.08 46.22 51.35 56.49 61.62 66.76 71.89 77.03 82.16 87.30
0.180 0.063 0.975 35.92 41.05 46.18 5131 56.44 61.57 66.70 71.83 76.96 82.09 87.22
0.185 0.065 0.961 35.90 41.02 46.15 51.28 56.41 61.53 66.66 71.79 76.92 82.05 87.17
0.190 0.067 0.948 35.88 41.01 46.14 51.26 56.39 61.52 66.64 71.77 76.90 82.02 87.15
0.195 0.068 0.936 35.89 41.01 46.14 51.26 56.39 61.52 66.64 71.77 76.90 82.02 87.15
0.200 0.070 0.924 35.90 41.02 46.15 51.28 56.41 61.53 66.66 71.79 76.92 82.05 87.17
0.205 0.072 0.913 35.92 41.05 46.18 51.31 56.44 61.57 66.70 71.83 76.96 82.09 87.22
0.210 0.074 0.903 35.95 41.08 46.22 51.35 56.49 61.62 66.76 71.89 77.03 82.16 87.30
0.215 0.075 0.894 35.99 41.13 46.27 51.41 56.55 61.69 66.83 71.97 77.12 82.26 87.40
0.220 0.077 0.885 36.04 41.19 46.33 51.48 56.63 61.78 66.93 72.08 77.22 82.37 87.52
0.225 0.079 0.876 36.10 41.26 46.41 51.57 56.73 61.88 67.04 72.20 77.35 82.51 87.67
0.230 0.081 0.868 36.17 41.34 46.50 51.67 56.84 62.00 67.17 72.34 77.50 82.67 87.84
0.235 0.082 0.861 36.25 41.43 46.60 51.78 56.96 62.14 67.32 72.50 77.67 82.85 88.03
0.240 0.084 0.854 36.34 41.53 46.72 51.91 57.10 62.29 67.48 72.67 77.86 83.05 88.24
0.245 0.086 0.848 36.43 41.64 46.84 52.05 57.25 62.46 67.66 72.87 78.07 83.28 88.48
0.250 0.088 0.841 36.54 41.76 46.98 52.20 57.42 62.64 67.86 73.08 78.30 83.52 88.74
0.255 0.090 0.836 36.65 41.89 47.13 52.36 57.60 62.83 68.07 73.31 78.54 83.78 89.02
0.260 0.091 0.830 36.78 42.03 47.28 52.54 57.79 63.04 68.30 73.55 78.81 84.06 89.31
0.265 0.093 0.825 36.91 42.18 47.45 52.72 58.00 63.27 68.54 73.81 79.08 84.36 89.63
0.270 0.095 0.821 37.04 42.34 47.63 52.92 58.21 63.50 68.80 74.09 79.38 84.67 89.96
0.275 0.097 0.817 37.19 42.50 47.82 53.13 58.44 63.75 69.07 74.38 79.69 85.00 90.32
0.280 0.098 0.813 37.34 42.68 48.01 53.35 58.68 64.02 69.35 74.68 80.02 85.35 90.69
0.285 0.100 0.809 37.50 42.86 48.22 53.57 58.93 64.29 69.65 75.00 80.36 85.72 91.08
0.290 0.102 0.805 37.67 43.05 48.43 53.81 59.19 64.57 69.95 75.34 80.72 86.10 91.48
0.295 0.104 0.802 37.84 43.25 48.65 54.06 59.46 64.87 70.27 75.68 81.09 86.49 91.90
0.300 0.105 0.799 38.02 43.45 48.88 54.31 59.74 65.18 70.61 76.04 81.47 86.90 92.33
0.305 0.107 0.79 38.20 43.66 49.12 54.58 60.03 65.49 70.95 76.41 81.86 87.32 92.78
0.310 0.109 0.794 38.39 43.88 49.36 54.85 60.33 65.82 71.30 76.79 82.27 87.76 93.24
0.315 0.111 0.792 38.59 44.10 49.62 55.13 60.64 66.15 71.67 77.18 82.69 88.20 93.72
0.320 0.112 0.790 38.79 44.33 49.87 55.42 60.96 66.50 72.04 77.58 83.12 88.66 94.21
0.325 0.114 0.788 39.00 44.57 50.14 55.71 61.28 66.85 72.42 77.99 83.56 89.14 94.71
0.330 0.116 0.786 39.21 44.81 50.41 56.01 61.61 67.21 72.81 78.41 84.02 89.62 95.22
0.335 0.118 0.784 39.42 45.05 50.69 56.32 61.95 67.58 73.21 78.85 84.48 90.11 95.74
0.340 0.119 0.783 39.64 45.31 50.97 56.63 62.30 67.96 73.62 79.29 84.95 90.61 96.28
0.345 0.121 0.782 39.87 45.56 51.26 56.95 62.65 68.34 74.04 79.73 85.43 91.13 96.82
0.350 0.123 0.780 40.10 45.82 51.55 57.28 63.01 68.74 74.46 80.19 85.92 91.65 97.38
0.355 0.125 0.779 40.33 46.09 51.85 57.61 63.37 69.13 74.89 80.66 86.42 92.18 97.94
0.360 0.126 0.778 40.56 46.36 52.15 57.95 63.74 69.54 75.33 81.13 86.92 92.72 98.51
0.365 0.128 0.778 40.80 46.63 52.46 58.29 64.12 69.95 75.78 81.61 87.44 93.26 99.09
0.370 0.130 0.777 41.05 46.91 52.77 58.64 64.50 70.37 76.23 82.09 87.96 93.82 99.68
0.375 0.132 0.776 41.29 47.19 53.09 58.99 64.89 70.79 76.69 82.59 88.48 94.38 100.28
0.380 0.133 0.776 41.54 47.48 53.41 59.35 65.28 71.22 77.15 83.08 89.02 94.95 100.89
0.385 0.135 0.776 41.79 47.77 53.74 59.71 65.68 71.65 77.62 83.59 89.56 95.53 101.50
0.390 0.137 0.775 42.05 48.06 54.06 60.07 66.08 72.09 78.09 84.10 90.11 96.11 102.12
0.395 0.139 0.775 4231 48.35 54.40 60.44 66.43 72.53 78.57 84.62 90.66 96.70 102.75
0.400 0.140 0.775 42.57 48.65 54.73 60.81 66.89 72.97 79.06 85.14 91.22 97.30 103.38
0.405 0.142 0.775 42.83 48.95 55.07 61.19 67.31 73.43 79.55 85.66 91.78 97.90 104.02
0.410 0.144 0.775 43.10 49.25 55.41 61.57 67.72 73.88 80.04 86.20 92.35 98.51 104.67
0.415 0.146 0.775 43.37 49.56 55.76 61.95 68.15 74.34 80.54 86.73 92.93 99.12 105.32
0.420 0.147 0.775 43.64 49.87 56.10 62.34 68.57 74.80 81.04 87.27 93.51 99.74 105.97
0.425 0.149 0.775 43.91 50.18 56.45 62.73 69.00 75.27 81.54 87.82 94.09 100.36 106.63
0.430 0.151 0.776 44.18 50.49 56.81 63.12 69.43 75.74 82.05 88.37 94.68 100.99 107.30
0.435 0.153 0.776 44.46 50.81 57.16 63.51 69.86 76.22 82.57 88.92 95.27 101.62 107.97
0.440 0.154 0.777 44.74 51.13 57.52 63.91 70.30 76.69 83.08 89.48 95.87 102.26 108.65
0.445 0.156 0.777 45.02 51.45 57.88 64.31 70.74 77.17 83.60 90.04 96.47 102.90 109,33
0.450 0.158 0.778 45.30 51.77 58.24 64.71 71.19 77.66 84.13 90.60 97.07 103.54 11‘d'e'&
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SCC of HCB Bolts - Field Investigation

During the BAMC July 16" visit to the HCB, the location and extent of the galvanized
coating on all 3inch bolts was investigated. It was found that above the nuts in the non-
stressed portion of the bolts —and therefore areas that would not be susceptible to SCC
- that there was a seemingly random pattern of galvanized and non-galvanized bolt
surfaces. However, galvanizing was consistently found on the stressed portion of all the
bolts on the bolt threads and shaft under the top nut.

Corrosion was found on two of the bolts — 7WS and 7EN - under the nut at the root of
the threaded stressed portion of the bolts where susceptibility to SCC would be the
greatest. The corrosion on Bolt 7WS appeared to be more critical. It is not known how
long this corrosion has been active. Bolt 7WS had a flat end at the bottom of the bolt,
indicating that it was a replacement bolt from the Lofall Storage Facility, and most
probably from the original lot from Dyson/Thompson Metal Fab. Given the very low
toughness of these bolts they would have a high probability of susceptibility to SCC. The
origin of bolt 7EN is not known at time of writing.

There could be SCC problems for these bolts in the future but atthis time the only way
to ascertain if there is a long term concern for SCC would be to allow them to further
corrode. However, WSDOT Maintenance does intend to clean and paint these bolts,
and to bolster their painting program for all bolts going forward.

Corrosion at Galvanized Stressed Top Threads of Bolt 7WS
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Corrosion at Galvanized Stressed Top Threads of Bolt 7EN

At the East Half of the HCB, the existing 16- 4 inch and the 12-3 inch ASTM A354 BD
bolts have been in service since June of 2009 or 4 % years at time of writing. As
discussed, all 12 of the original 3 inch bolts have been replaced, 6 of alloy AISI 4340 and
most probably 6 of alloy AlISI 4140 from the original 2004 Dyson lot. Eight of the 4 inch
bolts are from the original 2004 Dyson lot with material properties very similarto the 3
inch bolts. The origin of the other 8 - 4 inch bolts is not known.

As 6 of the (3 inch) 2004 bolts have failed due to HE and 14 of the bolts are thought to
be of the same lot with identical or similar material properties (6 —3 inch and 8 —4
inch), it would appear that there would be concern that these bolts would be
susceptible to SCC. However, there have been no noted problems with these bolts
since their installation, i.e. none have failed by SCC, and none have shown any
indications of cracks.
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Why have there been no problems with replacement bolts to date?

As discussed previously, there are measures that can be taken to control or lessen
susceptibility to SCC, and WSDOT has taken a number of these measures for the East
Half A354 BD bolts:

e Exposed portions of all the bolts are painted.

e The portions of all the bolts embedded inthe pontoon wall are contained in
grease filled ducts.

e The bolt threads at the bottom of the bolt are protected by grease in the duct
and the top threads atthe nut are protected by high pressure silicone, rust
inhibiting, waterproof grease that was specified to be applied to the threads
prior to tensioning. It was verified by spot checks during BAMC visits in June and
July 2013 that grease was present in the ducts and at the most critical first
engaged thread at the bottom of the top nut.

e Grease and paint were applied soon after bolt installation and stressing.

e The pretension of the 4 inch bolts was limited to 0.53 Fu.

e The 3 inch bolts were pretensioned to 0.70 Fu but the potential for non-
concentric loading was eliminated by the 2 inch thick replacement washers.

e AISI 4340 alloy was specified for 6 of the 3 inch replacement bolts. These
exhibited uniform hardness and high toughness with anavg. Charpy value at -20
F of 46 ft-lbs.

e All the 4inch bolts and 6 of the 3 inch AlSI 4140 bolts have rolled threads rather
than cut threads making them less susceptible to SCC. (The AISI 4340 bolts have
cut threads.)
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VI. Summary - Guide Roller Box Girder HS Anchor Bolts

East Half ::_;fn I?:‘a A,LI\IICS):I Supplier Ir\m{zt::l Lerfitgth Coating Mil?;u M:(:iFy Pretension Threads
8-Original A354BD 4 4140 DYSON 2009 21 Galvanized 140 115 0.53 Fu Rolled
8-Original  A354 BD 4 UNK DYSON 2009 21 Galvanized 140 115 0.53Fu Rolled
2-Replace  A354BD 4 UNK DYSON 2009 21 Galvanized 140 115 0.53Fu Rolled
12-Original A354BD 3 4140 DYSON 2009 21 Galvanized 140 115 0.70Fu Rolled
6-Replace A354BD 3 4140 DYSON 2009 21 Galvanized 140 115 0.70Fu Rolled
6-Replace A354BD 3 4340 Portland Bolt 2009 21 Galvanized 140 115 0.70Fu Cut
28-Original A345BC 1% UNK UNK 2009 6 Galvanized 115 99 Snug Tight UNK
West Half ::_Irfn I?:‘a AAIIICSY Supplier Isset::l Lel:tgth Coating MiI:\s::u M:(:iFy Pretension Threads
16-Original A354BD 4 UNK UNK 1982 21 none 140 115 0.53 Fu UNK
12-Original A354BD 3 UNK UNK 1982 21 none 140 115 0.78 Fu UNK
28-Original A325 1% UNK UNK 1982 6 none 105 81 Snug Tight UNK

All Box Girder Anchor Bolts are:
e Encasedin a galvanized steel pipe and pressure filled with grease after stressing the bolt.
e Painted with the standard WSDOT 3 coat paint system on exposed portions of bolt.
e Subjected to yearly visual and NDT inspection.




VII. Transition Span A-Frame Anchor Bolts

The A-frames that support the transition span are anchored to the pontoon with 2 inch
diameter, 8 ft. long F1554 HS bolts. The bolts are tensioned to 0.6 Fy and the duct is
grouted after tensioning. At time of writing the corrosion protective coating, if any other
than painting, is not known.
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VIII. Centering Pyramid Anchor Bolts

The two 6' high by 4' wide centering pyramids located at mid-channel on the east draw
pontoon with mating yokes on the west pontoon are anchored to the pontoon with 7.5
ft. long 1% and 1 % inch F1554 Grade 105 anchor bolts. The bolts are tensioned to 0.6
Fy and the duct is grouted after tensioning. The bolts are galvanized and the exposed
portion of the bolt and nut are treated with inorganic zinc paint.
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Appendix A

Report of 6/28/2013 Visit to Hood Canal Bridge and to Dwight Company

Purpose of Visit

Discuss Hood Canal Bridge (HCB) experience with galvanized ASTM A354 Grade BD
anchor rods and determine if the experience with those rods provides information useful
in evaluating the causes and possible remedies of the failures experienced with 2008
anchor rods at the San Francisco Oakland Bay Bridge (SFOBB).

Locations Visited

1) Hood Canal Bridge, SR 104, Kitsap Co., in the Puget Sound region of the State of
Washington

2) Dwight Company Inc. Welding Laboratory Service, 414 Hewitt Road, Chehalis, WA
98532

Persons Making Visit

Alan Cavendish-Tribe, Mott MacDonald

Jeff Gorman, Dominion Engineering, Inc.
Ted Hall, Hatch Mott MacDonald

Robert Shulock, Bainbridge Structures Group

Persons contacted

Paul Knaebel, Maintenance Engineer, Hood Canal Bridge, Washington State Department
of Transportation (WSDOT)

Jay Dwight, Proprietor, Dwight Company Inc. Welding Laboratory Service, Chehalis,
WA

Summary

Several 3 inch diameter anchor rods in the new east pontoons of the HCB failed
shortly after being tensioned in 2008. These rods had been hot dip galvanized for
their full length. Based on optical microscopy, the failure morphology of these rods
appears similar to that of the San Francisco Oakland Bay Bridge (SFOBB) rods that
failed in March 2013. However, this needs to be confirmed by examination using a
scanning electron microscope (SEM) before one can conclude that the failure
mechanism is in fact the same.

Hardness checks performed during the visit by Jay Dwight on samples of the failed
HCB rods from 2008 indicated that the rods had a rather flat hardness profile across
the cross section, with maximum hardness of 32.5 HRC and with decreases to only
about HRC 30 at depths of 0.75 inches. These results raise a question as to why
failure occurred with material that had hardness well below the specification limit of
39 HRC and also well below the value of 35 HRC that is normally considered a safe
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upper limit against occurrence of hydrogen embrittlement. Speculatively, a possible
reason is the presence of large amounts of hydrogen in the steel, e.g., as a result of not
vacuum degassing the steel during melting. However, it is noted that the Dwight
Company report of 2009 concluded that hydrogen embrittlement was not involved

[0]. Since this last conclusion was not based on an examination using an SEM, it
seems possible or even likely that a more detailed examination will show hydrogen
embrittlement to have been involved.

The anchor rods in the new east pontoons, which went into service in 2009, are still in
service, with no failures since the rods that failed shortly after tensioning were
replaced. In other words, there has been no experience of long term stress corrosion
cracking (SCC) of these rods. All but the top 7 inches of these rods were zinc plated
and painted with the WSDOT three coat system. The top ends of the rods and the top
nuts in this new east pontoon were solvent and blast cleaned prior to being painted.
Some of the top ends show significant amounts of general corrosion, but this does not
seem to have resulted in any problems other than the need to recoat on a periodic
basis. The tension level in the 3 in. diameter rods is believed to be 0.70 Fu, and in the
4 in. diameter rods is believed to be 0.53 Fu. This satisfactory experience of the new
east side anchor rods for about four years with no SCC despite the relatively harsh
marine environment indicates that galvanized rods with blasted and coated ends are
likely to perform satisfactorily for at least four years, and possibly much longer.

The anchor rods on the older west pontoons, which went into service about 32 years
ago, were not zinc coated but rather are black and protected with grease in the duct
embedded in the pontoon concrete The exposed portions of the nuts, bolts and
washers were painted with the WSDOT three coat paint system. There have been no
SCC failures of these rods. The tension level in the 3 in. diameter rods is believed to
be 0.70 Fu, and in the 4 in. diameter rods is believed to be 0.53 Fu. The satisfactory
experience of the west side rods for 32 years with no SCC despite the relatively harsh
marine environment indicates that greased and sheathed designs combined with
blasted and painted exposed ends provide good long term protection against corrosion
induced SCC.

Recommendations

It is recommended that the failure surfaces and other features of the failed HCB rods
be further examined to more conclusively determine if hydrogen embrittlement was
involved. In addition to SEM examinations of the fracture surfaces, it would be
useful to perform the array of examinations suggested by Prof. Devine for the 2008
SFOBB 2008 failed rods and discussed in Reference [0]. It would also be useful to
determine the chemical composition of the steel.

It is recommended that an attempt be made to determine if the steel for the 2008 HCB
rods that failed had been vacuum degassed or not. The reason for this
recommendation is that it is considered important to determine whether the
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occurrence of hydrogen embrittlement correlates with use of non-degassed steel. If
use of non-degassed steel is found to be a significant factor, then use of vacuum
degassing should be specified for future anchor rod procurements.

If practical, a more complete description of the corrosion protection situation for the
full height of the east and west side anchor rods on the HCB would be useful so that
all of the features that appear to have successfully protected against SCC are
understood.

Information Obtained Regarding Experience with Anchor Rods Used at the
Hood Floating Canal Bridge

Note: Much of this information was developed Bob Shulock via contract documents and
his contacts with WSDOT personnel before and after the visit. Additional information
was obtained from discussions with Paul Knaebel during the visit.

A document that was prepared by BAMC before the visit describes the HCB and its
anchor rods [0]. The anchor rods are used to hold down box girders that support rollers
that guide the draw pontoons into the forks on the east and west sides of the bridge. The
anchor rods nearest the rollers at the front of the box beam are the most highly loaded.
These rods are 20 ft.long, greased and sheathed 3 in. diameter at the less highly loaded
guide rollers at the back portion of the fork and 4 in. diameter at the more highly loaded
rollers at the front portion of the fork. On the west side both the 3 in. and 4 in. rods are
black, not galvanized, A354 BD (4140 alloy). On the east side, the 4 in. diameter rods
are galvanized A354 BD bolts (4140 alloy) and the 3 in. diameter rods are galvanized
A354 BD bolts (4340 alloy).

The floating pontoons on the east side of the Hood Canal Bridge were replaced in 2008.
It is understood that, during final fit-out of the Draw Pontoon System at a shipyard in
March 2009, three or more of the 3” diameter anchor rods were found to have failed a
few days or weeks after being tensioned. (Note: Time to failure after stressing to be
verified by Project Records.) It is further understood that the rods had been supplied by
Dyson in 2008, and had been hot dip galvanized. In addition, it is understood that
replacements for the failed anchor rods were obtained from Portland Bolt, who declined
to galvanize them, and that they were galvanized at another location under a separate
contract.

The drawings for the 2008 anchor rods are part of a set of drawings for the box girders
[0]. The cover sheet of this set of drawing is dated 10/19/09, but the drawings themselves
are dated 7/26/07. The drawing sheet that includes the anchor rods, Thompson Metal
Fab. Inc. drawing 03-18010-05, Rev 2, “Pontoon Box Girders Type 1, 2, 3, 4,5, 6, and 7
— Embeds & Anchor Rods,” indicates that the rods and nuts were to be galvanized, but
the galvanizing process to be used was not specified.
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A drawing for six replacement rods is shown on Reference [0]. It is titled “SR 104 Hood
Canal Bridge Retrofit and East Half Replacement, Box Girder 3 Inch Rods” and appears
to be dated 05/09. The drawing indicates that the rods were to be A354BD, and that the
material should be Alloy 4340 with a minimum Charpy impact energy of 15 ft-lbs at
20°F. The drawing indicates that all but the top 7 inches of the rods should be hot dip
galvanized. It indicates that the top nut and top 7 inches of the threads were not to be
galvanized and were to be sand blasted and painted with a three coat system.

During the visit is was determined that none of the three inch or four inch anchor rods on
the new east side pontoons had failed since it was put into operation in about 2009.
However, it was noted that some of the three inch anchor rods on the east side had
significant visible red rust type corrosion on the ends sticking above the nuts. Paul
Knaebel indicated that these corroded ends would probably be blasted and recoated with
a three layer coating system. It was noted that there was a grease fitting for each of the
anchor rods. Paul Knaebel indicated that this had been used during initial construction
but had not been used since.

The west side pontoons have been in operation for about 32 years. There have been no
failures of its anchor rods. The anchor rods, nuts and washers on the west side were not
galvanized. The exposed ends of the rods and the nuts at either end appear to have been
painted using the WSDOT standard three coat system. During the visit it was noted that
some of the lower nuts exhibited significant accumulations of rust on the lower surface.
Visual inspection of a few sections of the rods along their exposed lengths indicated
occasion small areas of corrosion.

Information Obtained During Visit to Dwight Company Inc. Welding Laboratory
Service

Based on information from WSDOT it was known that portions of two of the 3 inch
diameter HCB anchor rods that failed in 2008 had been examined by Jay Dwight as
reported in Reference [0]. This report concluded that the failures were not associated
with hydrogen embrittlement but rather were due to non-concentric loading during the
final torque tensioning. However, the illustrations of the failure surfaces in that report
indicate that the failure surface patterns are similar to those for the 2008 failed rods from
the SFOBB. During telephone conversations with Jay Dwight prior to the visit it had
been learned that the physical parts of the failed HCB rods were still available at the
Dwight Company facilities. Accordingly, this visit was arranged with the intent of
learning more about the HCB rod failures, and especially to determine if the failures
could have been due to hydrogen embrittlement. Information obtained during the visit is
described in the following paragraphs.

Detailed examination using high power optical microscopes of the fracture surfaces of the
two HCB failed rods indicated that the failure patterns were similar to those of the 2008
SFOBB rods that failed in March 2013. This pattern consists of a flat area extending
around about 2 or more of the circumference of the rod and extending in from the edge
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about %2 inch at the maximum. The rest of the fracture surface is rough, and seems
typical of a surface produced by fast fracture. Since an SEM was not available, it was not
possible to examine the flat surfaces to determine if the morphology in those areas was
intergranular, which would indicate that hydrogen embrittlement was involved.

The conclusion of the Reference [0] report that the failure was caused by non-concentric
loading during the final torque tensioning was discussed. It was agreed that non-
concentric loading would cause bending and thus increase stresses. However, it was also
noted that the rod material, without hydrogen embrittlement, should be able to strain
about 14% or more, and thus should not fail as a result of non-concentric loading,
although it might plastically deform a small amount. This topic was not pursued since
determining conclusively the failure mechanism requires examination by SEM to
determine if the flat areas cracked intergranularly.

During the visit, Jay Dwight took hardness measurements across part of the diameter in a
sectioned part of the rods away from the failure surface. The hardness tester was first
calibrated, and then measurements were taken. The results were as follows:

Sample Number Distance in from HRC
Thread OD, in.

#5 15 30.1

.25 31

3 31.5

5 325

625 32

.75 31

#8 15 27

2 315

3 30

4 315

5 31

625 30.1

.75 31.1

It was noted that the relatively flat hardness profile appeared to be more consistent with
the rods being made of Alloy 4340 than Alloy 4140. However, determining this
conclusively would require a chemical analysis of the steel to be performed.

It was noted that the broken rods had been observed in April 2009 but that it was not
known at time of writing when the rods had been tensioned.
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Several areas of the failed specimens were examined using high power optical
microscopes. Some areas showed the zinc plating and the zinc-steel interface to be
extensively cracked. However, it is not known whether this cracking occurred before rod
failure or as a consequence of rod failure. In other areas the zinc plating appeared to be
intact with no cracks. A more detailed and systematic examination would be required to
determine if fractures in the zinc plating or zinc-steel interface played a role in the HCB
rod failures.

References

“High Strength Anchor Bolts, Greased and Sheathed Double Corrosion Protection
Systems, Suppliers and Applications - Bridge and Other Industries;” BAMC June
26, 2013.

Kiewit-General drawing transmittal sheet dated 10/19/09, titled “A05030.22.045.b —
Roller Guide Box Girder Show Drawing — AS-BUILT,” with attached Thompson
Metal Fab., Inc. drawings 03-18010-00, 01, 02, 04, 05 and 06, Rev. 2, that are dated
7/26/07.

WSDOT drawing “SR 104 Hood Canal Bridge Retrofit and East Half Replacement, Box
Girder 3 Inch Rods,” Job Number DOC 524, designed by G. D. Swett, 05/09.

J. M. Dwight, “Metallurgical Record of FW 3" Bolt Failures on East Half- 2009,”
DWIGHT COMPANY, Inc. WELDING LABORATORY SERVICE report dated
April 26, 2009.

“Professor Thomas Devine Suggestions [1], with Proposed Follow Up Actions,”
forwarded to BAMC by email from J. Gorman (DEI) dated July 2, 2013.
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Appendix B

Report of Second Visit to Hood Canal Bridge
Date of Visit: July 16, 2013

Purpose of Visit

Discuss Hood Canal Bridge (HCB) experience with ASTM A354 Grade BD anchor rods
and determine if the experience with those rods provides information useful in evaluating
corrosion protection measures for anchor rods used in the San Francisco Oakland Bay
Bridge (SFOBB).

Location Visited
Hood Canal Bridge, SR 104, Kitsap Co., in the Puget Sound region of the State of
Washington

Persons Making Visit

Tony Anziano, Caltrans

Bahjat Dagher, Caltans (Alta Vista Solutions)

Jeff Gorman, BAMC (Dominion Engineering, Inc.)
Ted Hall, BAMC (Hatch Mott MacDonald)

Robert Shulock, BAMC (Bainbridge Structures Group)
Mazen Wahbeh, Caltrans (Alta Vista Solutions)

Persons contacted
Paul Knaebel, Paul Knaebel, Mechanical Maintenance Engineer, Washington State
Department of Transportation (WSDOT)

Summary

During the visit additional details were obtained regarding the design, installation,
maintenance and operating history of the anchor rods used in the Hood Canal Bridge.
This type of information is being assembled, together other information obtained
from review of project records, in a report prepared and periodically updated by
BAMC [0]. That report should be consulted for details on the design, installation,
maintenance and operating history of the anchor rods.

Long high strength 3 inch and 4 inch diameter A354BD anchor rods are used as part
of structures that support guide rollers that position the movable draw spans of the
floating bridge. The west section of the bridge has been in operation for about 32
years, while the east section has been in operation for about 4 years. Summary
information for these two parts of the bridge is discussed below.

The anchor rods on the older west pontoons, which went into service about 32 years
ago, were not zinc coated but rather are black and are protected with grease in the
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duct embedded in the pontoon concrete, which is approximately the lower 15 feet of
the 20 foot long rods. The upper portions of the rods, parts of which are inside box
girders and parts of which extend above the box girders, were painted with the
WSDOT three coat paint system, together with associated nuts and washers. The
lower portion of the rods together with associated nuts and washers were also painted
with the WSDOT three coat paint system. There have been no SCC failures of these
rods. The 3 in. diameter rods are believed to have been pretensioned to 0.78 Fu, and
in the 4 in. diameter rods were believed to have been pretensioned to 0.53 Fu. The
satisfactory experience of the west side rods for 32 years with no SCC despite the
relatively harsh marine environment indicates that greased and sheathed designs
combined with blasted and painted exposed areas provide good long term protection
against corrosion induced SCC.

Before the new east pontoons went into operation, at least three of the 3 inch rods
failed in the shipyard in March 2009 shortly after being tensioned and at least six of
the 3 inch rods were replaced. A review of information regarding those failures is
contained in report of a previous visit, Reference [0].

The anchor rods on the newer east pontoons went into service about 4 years ago
subsequent to replacement of some of the rods as noted above. These rods were hot
dip zinc galvanized and are protected with grease in the duct embedded in the
pontoon concrete, which is approximately the lower 15 feet of the 20 foot long rods.
The upper portions of the rods, parts of which are inside box girders and parts of
which extend above the box girders, were painted with the WSDOT three coat paint
system on top of the zinc coating, together with associated nuts and washers. The
lower portion of the rods together with associated nuts and washers were also painted
on top of the zinc coating with the WSDOT three coat paint system. It appears that
the top 7 inches of at least one of these rods was grit blasted to remove the zinc
coating and then given the standard WSDOT three coat paint treatment. There have
been no SCC failures of these rods The 3 in. diameter rods are believed to have been
pretensioned to 0.70 Fu, and the 4 in. diameter rods are believed to have been
pretensioned to 0.53 Fu. The satisfactory experience of the east side rods for 4 years
with no SCC despite the presence of galvanization and despite the relatively harsh
marine environment indicates that galvanized rods that are protected using a
combination of greased and sheathed methods and a three coat WSDOT paints system
on top of galvanizing for non-sheathed areas provides protection against SCC for at
least 4 years.

There are some uncertainties regarding the specific materials and hardness values of
the anchor rods. Suggestions for resolving these uncertainties are discussed below.

Recommendations

It would be useful to know with greater certainty the alloy used and the hardness of
the anchor rods used in the Hood Canal Bridge. Itis suggested that efforts be made to
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have the hardness determined at the top ends of each of the rods using portable
hardness testers. It is further suggested that the alloy composition be determined
using portable X-ray equipment. Both of these checks are relatively easy to perform,
although they require the top of the rod to be polished to remove the coating that
currently covers the ends and to provide a flat surface for hardness testing

It is understood that efforts are underway to try to obtain the material test reports for
all of the A354BD rods used in both parts of the bridge. It is recommended that this
effort be pursued and that the records be checked to determine if the steel used for the
rods that failed in 2009 were vacuum degassed or not. The reason behind this
suggestion is that lack of vacuum degassing is considered as being a possible factor in
the hydrogen embrittlement failures of the 2008 anchor rods of the San Francisco
Oakland Bay Bridge.

References
BAMC report “High Strength Anchor Bolts, Greased and Sheathed Double
Corrosion Protection Systems, Hood Canal Bridge - WASHDOT,” Draft Revision
10, July 11, 2013.
BAMC report, Report of June 28, 2013 Visit to Hood Canal Bridge and to Dwight
Company, draft dated July 18, 2013.
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Appendix C

COC’s, CMOQ’s, MTR’s East Half Original Bolts,
Thompson Metal Fab/DYSON
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KIEWIT - GENERAL, A JOINT VENRLEEB

Hood Canal Bridge Retrofit

HOOD CANALBRIDGEmuss  Project Team And East Half Replacement

1202 Port of Tacoma Road
Tacoma, WA 98421 F
PH: (253)439-6155 HEB 28 2008
FAN: (253) 438-6199
——T"
TO: Jennifer Caldwell DATE: 0L/26/ 108

WA. DEPARTMENT OF TRANSPORTATION

SUBJECT Box Girder - Misc
Hardware - COC, CMO

TRANSMITTAL NO. 2020

REFLY TO:  Alexis Marshall

WE ARE SENDING YOU: [E HEREWITH [CIUNDER SEPARATE COVER  [] OTHER

DATE DESCRIPTION QUANTITY
61008 00 - Stnindess steel shims, galvanized embeds, anchor bars, and hex muts
r26 2008 CMO - Swinless steel shims, galvanized embeds, anchor bass, and hex nuis
THESE ITEMS ARE TRANSMITTED AS CHECKED BELOW:
[0 For Approval. Pleaseretusm _ copies with approval and any corrections and/or notations,
O Appeoved / Disapproved by:
[0 For you to submit & Proposal on work indicated as being revised. Fleass sshmis an “Add™, “Deduct™, or
"Moo Change™ proposed adjustmenl 1o your contract kmowsit snd indicate il the revision affects the schedule for your workc
[0 Eor pricing ooly. Do nod proceed with constructon until notified. —
[0 FEor construction use, proceed immediately. //_ / —______“\\
B For your geacral information, [ ﬁrmwﬁnﬁm [0 Far your signature, !
) Permanent Material? RAMS.QPL 80512~ > \
/ P a7} [;?/.f 6 i
RSP [ & N 807
REMARKS. | e /i | 2 ¢ 1 /
)
/ el fETE T )
[ L

FPlease contsct s promptly if theve i a problem or
Very Truly Yours,
By  Abexis Marshall

Kiewit ~ General, A Joint Venture
CopyTo: 1. FikeMaibhn 2
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GmE)

THOMPSON METAL FAR, INC
3000 SEHODEN WAY = P.O.BOX 5076 (RBESH) = WANCDUMER » Wit SBE6)
P 360 696 CH1)  POATLAND 503, 263 4494 + FX 360, £53.7017

Page 1 of 3
" CERTIFICATE OF COMPLIANCE
DATE: 26 February 2008
TMF JOB NO.: 18010
CUSTOMER: Kiewit-General

CONTRACT/ P.O.NO.:  (TMF) 100010 (WSDOT) 6525
PART DESCRIPTION:  See page 2 and 3

Q1Y
Bid Item: 162

In conformance with Section 1-06.3, 6-03.2 and 907 of the Washinglon State Deparment of
Transportation Standerd Specifications for Road. Bridge and Municipal Construction. we certify that
the steel used in (ke fabrication of the items listed on this Certificate of Compliance has been
manufactured, tested, and found to be in compliznce with the above specifications.

All materials used are of 100% domestic content and. throughout fabrication; the identification of steel
has been maintained according to the above specification.

@wﬂ}m[éiu%_ de Rbuusy do08

Quality Assurance Manager

Foaren (005 B2

b ®
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CERTIFICATE OF CONFORMANCE

Pagelof 3

DATE:

rME

THOMPSON METAL FAB, INC.
000 S HEGEN WAY » PO.BOX 5276 (MGG] + VANCOUVER » Wk 98551
PH DGO 656 ONI1  PONTLAND S03. 263 4454 = FX 360663, 1017

26 February 2008

Description

HK{!ISA 20 GA. 55, SHIM 207 X 427

MK 05A, 16 GA, 5.5, SHIM 20° X 42

MK 05A. 11 GA. 5.5, SHIM 20" X 4™

ME 05A. W 5.5 SHIM 207 X 427

MK ﬂSBuI'C 20GA. 5.5. SHIM 141727 Xa3" WITH 4-1/2" HOLES

HKBSBI'C 16 GA, 5.5 SHIM 14-1/2 x43“WIIH-i"HD-I ]

MK 05B/C, 11 GA. 5.5. SHIM 14-1/2" X 43" WITH 4~ HOLES

ME O5B/C, 16 GA, 5.5. SHIM 14-127 X 43" WITH 4-1/27 1 HOLES

MK OSH/C, 110A. 5.5, SHIM 14-1/2" X 41" WITH 4-1/2" HOLES

MK 05R/C. %" 5.8, SHIM 14-1/27 X 43" WITH 47 HOLES

! ]
4
14
14
12 MK 05B/C, 20 OA. 5.5, SHIM 14-122" X 43™ W 4" HOLES
16
fi
B
i)
K
b
B

MK 0SB/C, %" 5.5, SHIM 14-12" X 437 WITH 4-1/2" HOL. ES |

MK 05B/C, 20 GA_ 5.5, SHIM 14-1/2" X 437 NO HOLES

1

i4 | MEK 05B/C, 16 GA. 5.5. SHIM 14-172" x 43” NO HOLES

i4 | MKO5BIC, 11 GA. 5.5. SHIM 14-172° X43~ NO HOLES

MK 05B/C, %" 5.5, SHIM 14-1/2" X 43" NO HOLES

4 | MK 058, MODIFIED EMBED -
| M- OS5 MODIFIED EMBED sy
16 J MK l!!F 4" DIAMETER ANCHOR BARS, 20-2° LONG WITH 2
e HEX NUTS S
Bri#h ] Brace
Quality Assurance Manager

L LER LR T
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T™ME

THOMPSON METAL FAB, INC.

3000 5F HODEN WY = .0, BOX 5176 (BB6GH) » VANCOUVIN & Wi SRS

PH 350686 D811 PORTLAND 503, 1H).desd » T 360 d93. W4T

CERTIFICATE OF CONFORMANCE

Page Yof 3

DATE:

26 February 2008

~ Description k-

QTy
T

MK 056, 3" DIAMETER ANCHOR BARS, 20°-2" LONG WITH2 |
HEXNUTS ______

7 B0

e

IHEX NUTS

1280 ] MK O5E. 1-1/2" DIAMETER ANCHOR BAR. 5°-4” LONG WITHI

HEX NUTS

4

DWG. 03-18010-05, ITEM 05A, GALVANIZED EMBED WITH
BONDED TEFLON

I’

DWG, n3-18010-05, ITEM 05B, GAVAMOZLD E.BED WOT)
BPMDEDTEFLON |

DWG. 03-18010-05 ITEM 05C, GALVANIZED EMBED WITH
ek SHEAR STUDS
DWG. 03-18010-05 05G, 3” DIAMETER GALVANIZED
| THREADED ROD WITH 3 HEX NUTS {20°-2" LONG]
4™ HEX NUT

"MK 05D. 1-172" NC GALVANIZED ANCHOR ROD 5'-1 I” LONG

~MK USE, 1-1/2" NE GALVANIZED ANCHOR ROD 5° 4" LON G|

1-1/2" NC GALVANIZED HEX NUT FOR ANCHOR RODS
LISTED ABOVE

!_ 3

[

@B?UQM'—

Bi¥an J Brace
Quality Assurance Manager

¢

oo 305 R (8

¥
@ @
Al
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% Certification of Materials Origin

wam (Required for Acceptance of Steel Materials)
|§it

_LQ:I)IQ . .

Hoed Cawal Bedge, o
mzmmtﬁéum.[__. 2 S

MM Pl Tie, 3o 5 Hidks) Qgﬁu%ﬁ e |

loar. R b
STacs® Steel Shims Ancholl. Baks
Meks Giip Embeds Hex Nuds
Gra Vi zed <

The ledgwing Cerificstion of Meledias Ongs & mate far the pupcaes of exabishng mateiss scceptancs unoes Coniract Provesons
anlitied Formgn-kade Matenals ~ Malanals a¢ described showe aee umished for use in complaecn with the ceifcation a8 noled in 1
or 7 baiow, Manyfactuning precssses kor he maleriss are defined on e back of this foem,

ﬂ 1. Tre mslersls coveved By 16 cerifcalion ane Amancan Made wih al manulacturing procosses entiealy within ihe Linked
Elula of America

n = mmm&ummmm“mﬂwmmu or in pan, outmide e
Linked Statps of Amenca

Tha Descrpion and Couniry of Ongen ol hese materals 5 3 lloss.

The invonce Caorst for the abowe descrbed foregs-made maenas i

| deckane undar penaity of perjury under the laws of the Stale of YWashingion that the foregoing is e snd corrsct

DRigr) Beace.

CanFacsr | Bubcongactor | Sugpier tame

Lol @% . b febaary JocE wﬁ#@m

DOT  Foen 300109 £F Swle ol 2
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FHOMPSON METAL FAB, | _.

TMF PO, BOX 5276 (SB6E8), VANCOUVER, WA 88881

Tel: (503) 280-4404, (360) 886-0811 Fax: (360) 653-1017
wiww. thompsonmatalfab com

PURCHASE ORDER: 18010-10636 This numbar must agpear an all irveicas and shigping paners

Issued to: Ship 1o
DYSOM CORPORATION, THE THOMPSON METAL FAB, INC.
53 FREEDOM ROAD 3000 SE HIDDEN WAY, BLDG. 40
PAINSVILLE, OH 44077

VANCOUVER, WA 98661

Tei: 800-680-3600-202 Fax 440-352-2700
Attn: PETER

Ship via: DELIVER Issued: 09-15-04 Deliverby: 11-24-04 AM,

FOB Point: TMF Terms: MNET 30
Shop Order: TAYLOR Resale # - C600-094-086

[x] Domestic steel only [x] Material Test Reports Required
Plaase provite preas and delivery schodule bakone shipping. Naily us immedistely [f shipping schedule cannot be met.

[ No. Quan Type Size Grade Length Weight Unit Price Price

1 A Ad54 GR BD 248"
4" ANCHOR ROO - PER DRAWING 03-18010-05 - MK 05F (ITEM 13}
INCLUDES (18) M291 GR DH 4" NUT

2 20 A354 GR BD 247
3° ANCHOR, ROD - PER DRAWING 03-18010-05 - MX 054 (ITEM 14)
INCLUDES {40) M291 GR DH 3" NUT

ALL WITH ROLLED THREADS AND GALVAMIZED

3 1 FREIGHT
Motes:  CLASS Il - 100% DOMESTIC

g PLEASE ACKNOWLEDGE! G IS ﬁ--: 3 -LJ..’-:',.,.."
‘,j.ffﬂ # Eame ﬁ'?:%'sf.‘H R S
/’}L‘J"f Bégo - 55—-%3) -~ é/%j .';.,. nrﬂ,’-‘-ﬁ':*'-’@%ﬁ-.—
Sy - 0SELEL- G/ E

#2 -
57;;’;3 os-2033- /75
2e1324-057H Y=Y 7PS

Signature:

Foem P-002 Rev. O issued by:  KARL J, WINKLER
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o= = TSI TS

0,039 (02) — JO0Y YOHONV — 9GO0 MW

‘dal OIAVIHHL

85

o MG, L

| o]
k! m@\ =
=08
- 0-0 = ,2/1 TWoS
4,034 (8) — 4Oy dJOHONV — 450 MW
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CERTIFIED TEST REPORT i

F 1

S PCDYSON CORP.
53 Freedom Road 440-546-3500
]i]iq DOMESTIC NUT Painesville, OH 44077 440-352-2700 fax
oYsow CLSTOMER = OUANTITY DATE
ORDERS ORDERZ NUMBER SHIFPED SHIPPED
C 71099 18010-10636 1of5 8 pes 5/31/02
CUSTOMER PRODUCT DESCRIPTION
Thomgpsen Metal Fab, Inc 4.00"-8UN-2A x 249.00" OAL double end stud with
PO Box 5276 roiled threads & 12.00" thread length each end.
Vancouver, WA 98663 HDGper ASTM-A153, Dwg.# 03-18010-05-MK 05F
UsA SPECIFICATIONS
ASTM-A3H Crade BD
DRAWING =
STAATING MATERIAL  DUA GRADE Y IOTCODE  HEATNO. ORIGINAL ML
Round Bar 4.563 BD 8 KAS AD43600 Stel Dynamic:
— The product listed above was manufactured, tested, sampled, and inspected in accordance with the
M specification, purchase order, and any supplementary requirements and was found to meet thase
NJ:} requirements unless otherwise noted. )
1. The stesl was melted and manufactured in the USA and the product was manufactured and tested in
' % the USA.
LA
Q 20
J50l0-10636
WTN
OS5-F263/
GC DATE st
JHB !f-/f £
Aftachments:
Mill Test Report
Mechanical Test Report Gl[ j! ”
Daborah A

LA, Adman, Assistant
5/31/05

LARGE DIAMETER FASTENERS & FORGINGS / STANDARDS & SPECIALS / COMMERCIAL, MILITARY & NUCLEAR SPECISICATION
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) : . m Pimbarn, W AEET E : ;'mu:wnu
L ; Wﬂ Tulephons: (317 9T - TVR3 rra 182
T - Fas: (317) 432 - 288 v
. CODE KAS
Certified Material Test Report
Cartif Salen Hast ApAZE Eizs: i
Mﬂ:’m i Qﬂh::'-rl ﬂ Sering il Crger CaLEaas Shape: RCUNG
: i =1 f ==Ln) Wark Créar 10455 Lanpthc 2y Ee
e :l::- Part New Aradnd Raduefian Rada: A1
Gralm Practes: Grade:
1= Ma S H ¥ bz w |
i -5 M
5 ::1' 8 rﬂ n.:ﬁ :;1 [ :! ggr Gz es Qs 4o gguss cCoo3 G885 4.0 ‘
- = 1 a
T B =3 Fa =] =] ]
pegz ocom  GoCT4 - — T -0 &n
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e
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E |
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b " L — ___-_——-_-_.-F.
g B A323 (it rev ]
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‘ PG
hAT™ |
Q} |,5.5r2.é,3’f i ﬂ:;l
iac . |DATE _LI S13Un
.I'J‘ " Gﬁ édé:- i .ﬁ-u_ L}
;mf"mm-:rnmnm;-m“HWﬂh Sigrar 1,7.”._,..—- é &
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W om—— =l WL

~ T HIWWIWIEGD | B2 whilser

3763 South Routs 31 %E REPORT NO: 121163
Crystal Lake, IL 60012-1412 DATE:  FEBRUARY 24, 2005
Telephone B15/450/2400 Fax B15/458/3419 cCotfome be 120100 PASE 1 0F1

SHIF TO: THE DYSON CORF,

T THE DYSON CORP.
£3 FREEDOM RCAD . 53 FREEDOM ROAD
PAINESVILLE, OH 44077 PAINESVILLE, OH 44077
CORE slo_ Cno%a
DESC: SPCS 4.583°RD X 247" HEATS: AD43600 GAADE: 4140 WT: 12550
PO 38768 MO: 104472 CO: 39677 LOT: 20538
SPEC: CUENCH, TEMPER OMLY - ASTM AZS4-BD-04
PROCESS:  FURN TEMP : 1600 FURNTIME hh.mm: 355 OUENCH: WATE
TEMPER TEMF: 1050 TEMPER TRME hhumm 4.55 i
P STHESS TIME b, me;
PARAMETER | UNITS LIMITS TEST RESULTS {§ee sampling plan on hack)
TENSILE KS1 | 140 NA 148,000
YIELD 2% KSI 118 NA 124.000 =
ELONG 2° k] 14 L] 140
RED AREA % 40 MA 42.0
BURF HB HBW 233 B an oam 321 321
ICE |TEDH

Tensile, Standard TC Fackwall Micra Analyss

Tensile, Full Sacn Brinell TS Decarb Measre

Chamgy ¥ 16memx10mm Spectro”

Knooo* Macropsch
TC:TC Ind Test Center 55:Savelay Services MSiMetalingical Services
Cart #1201-01 Cast #0286-01 Cart #0570-01
| Expees Q22008 Expires O8/30/06 Expiragorogig -
*hipd irecluded v owr scope of acorrdianon i
TIME  _0&:18
DATE IN: 202405 _M-v W
Ken Ausd

FC £.12.18 E 050003 Test Canter Supesvisar

%‘ x_z?a o - 1043C
: 05263/

L’) 3 im“

\ LA, | 6/

THE &rw a0 Seviniony Tom iesl meftaory uaiess Anied B Zhould ool S aTmmed e Necsanc preeTer o e A el ranes o
# amener gateRT sl Apee the lame mEnere of @ Snigher frrener whOSE GTENE TN SRS S T M See B sfoaaly

@t e materind mSie v S pesease of TE Scoaines Ine

e METy e SASRICRT 10 e mEn S el waE o
This apéeai l2 20t diaciyyd B raided 7T indusides Tasf Caster senl mwmm eny o Do femy jmater and shadf ol be
AR, arren Bl weligul S wee pemisaiea of T insaaves Tast Cenfer
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| o - :
: ot
SECDYSON CORP. Wt 4l
53 Freedom Road 440-846-3500
]E DOMESTIC NUT Painesville, OH 44077 440-352-2700 fax
CUSTOMER TEM QUANTITY DATE
gﬂﬂmﬂ?‘l': CRDERS NUMEBER SHIPPED SHIFFED
C 71100 18010-10636 20f5 16 pes 5/31/05
TOMER PRODOUCT DESCRIFTION
'.lm'h‘;mpann Mietal Fab, Inc. 4.00"-8UN-2B (.031" oversize) heavy hex nut, HDG
PO Box 5275 per ASTM-A153
;::mml WA 95658 i )
AASHTO M 291 Grade DH (ASTM-A3563 Gr. DH)
DRAWING
_“?_,m'l.slﬂ. - Shiipt I8
TERAL D4 GARADE GTY  LOTCODE HEATNO. CFJGIAL MILL
Hﬂﬁmﬁ; ar 4.000 1045 ) 16 LY JEG4T i GST Steel

The product listed abowve was manufactured, tested, sampled, and inspected in accordance with the
specification, purchase order, and any supplementary requirements and was found to meet those

) requirements unless otherwise noted.

1. The ttee] was melted and manufactured in the USA and the product was manifactured and tested in

the TSA.

2 Hardness Results: 269 HEW

Jssl/o- 1083t
05 -2632
s | efls”

Atachments:
Mill Test Report

Doborgh A, Samith
Q.A, Admin, Assistant

5/31/08

LARGE DIAMETES FASTENERS & FORGINGS / STANDARDS & SPECIALS / COMMERCIAL, MILITARY & NUCLEAA SPECIRGATION
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I_:_:—,.'-:-f":ﬂz 1B:11 JRDE STESLIMG STE= 0 F,E;‘,;_
| MO.B23 - P.is3
' pu.25.1553 Sisi  GST KOO,SALLS % ik
TOTTALE STERLING STEEL : .
CAT Gteel Compaay .
7200 R
Kagess Cify, MO 64125
MTRA4D
u-m: :
Lefl
gt CODE GAM
FAXTO
fade Siscling Fo® z&1k1
Milies Manflsid
{330 42s-3044 : i
195" HR RD Al0S ¢ o s AL BE M
EP0" e p 43 55 RERER
1840 Kt ﬁ MM & o a1 e a6
310 HRED 1045 & o N
L;% .IIE bﬁi?:'l - .&i % .51 % 214 i Lol Dad Al
] " Ll
T o N o M S X S
B 2 F R E A ZCEEERE
as e Gz oo . ; : : T
= ;::é A& Ta A10 14 e a7 J-J. S L§

15 IV CONFORMANCE WITH THE
ORDERS SFECIFICATION,

ISSUED BY QUALITY ASSURANCE -V, C. Vaa Siyk= CA'AA #‘—’

Malied pod Muncfucoared bn U.5.AL
N 2C ‘J' g =% (’
g, s

N
% THE ASOVE TEST DATA I3 T0 CERTIFY THAT THE MATERIAL

Melted by G Industies

h,c?b-‘ RIS ﬁfc‘b
Al 3542 E_f,-f_g},_}_ :
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CERTIFIED TEST REPORT

E :-g_‘ DYSON CORP. ﬁ;
53 Freedom Road 440-946-3500
D.Iq DOMESTIC NUT Painesville, OH 44077 440-352-2700 fax
ITEM CUANTITY DATE
DYSON CLSTOMER =
C 71103 18010-10636 3of5 20 pes 5/31/0z
CLSTOMES FRODUCT DESCAIPTION
Thompson Metal Fab, Inc. 3.00"-8UN-2A x 242.00" OAL double end stud with
PO Box 5276 12.00" thread length each end (rolled threads) per
Vancouver WA 95558 Dwg. # 03-18010-05-MK 05G. HDG per ASTM-A132
UsA EPECIFICATIONS
ASTM-A3S Grade BD
DRAWING =
STARTING MATERIAL VA GRADE CT¥  [OTCODE HEATNC. ORIGINAL MILL
Round Bar 3.250 4140 _n TWF3 567588 _North Star

The product listed above was manufactured, tested, sampled, and inspected in accordance with the
specification, purchase order, and any supplementary requirements and was found to mest those

'fqm Mﬂgﬁ;d and manufactured in the USA and the product was manufactured and rested in

the TISA.

O5-2633

“ps=2z633

Y )/

Attgchmants:
Mill Test Report
Mechanical Test Report g‘b
Debarah 4. Smi
Q.A. Admin. Asssmant
5/31/05

LARGE DIAMETER FASTENERS & FORGINGS / STANDAADS & SPECIALS / COMMERCIAL, MILITARY & NUCLEAR SPECIFCATIC!
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TC Industries Test Center
3703 South Routs 31

Crystal Lake, [L 60012-1412 &

Telephone B15/453/2400 Fax B15/M458/3418  Cestome o 128001

It | MICrVUn
REPORT NO: 121156
DATE. MAACH 15, 2005
PAGE 1 OF1

SHIP TO: THE DYSON CORP.

T THE OYS0N CORP.
53 FREEDOM ROAD 53 FAEEDOM ROAD
PAINESVILLE, OH 44077 * PAINESVILLE, OH 44077
‘| DESC: 24PCS 31RO X 2¢ HEAT#: 57588 GRADE: 4140 WT: 18250
PO- 35768 MO CT1108 CO: 39768 LOT: 40887
EPEC: OUEMCH, TEMPER, STRAIGHTEN ETRESS RELIEVE
ASTM A3S4-B0-04
PROCESS: FURNTEMP : 1600 FURN TIME  himm: 2.25 QUENCH: ©iL
' TEMPER TEMP: 1100 TEMPER TIME ht.mm: a2s
STRESS TEMP: 1000 STRESE TIME hh mme 325
PARAMETER UNITS LMITS TEST RESULTS {See sampling plan an back)
TENSILE K5I 140 NA 143.508 =
YIELD 2% K5l 115 NA 126.902 ’
ELONG 2 % 14 NA 16,5
AED AREA % 40 MA 5.7
SURF HE HEW 201 383 an 311 an am
E[E:'n

Tensile, Standard Micro Anaiyss

Tensile Full Sacn Decarb Measure

Charpy ¥V 10mumix 10mm

Microhardness XKnoop”

TC:TC Ind Test Centar £5:Stavalay Services M5iMetallurgical Services

Cart 2128101 Cert #0285-01 Gort B0510-01

| Expirgs 022807 Expires 06/30/08 Expires 1273105
*Nar included i owr soope of aczrediioion
TIME 0812 ; o E ; ir

DATE i E02:08

Han Rusf

Test Centar Suparvisor

l\ FC 412 58 702 DE0S5
ey
o

d

slo 103

ss0/0-/0l7E

uf e

o526 z7
Vil bs—

T are 7o CrInong TAM e methods unlpes veted [ Should sof be assumed Mad mestanisi sosetes of aw matenal heal et i
4 ‘TEpmer sacaT wll AavE Me dioe amoectes of 8 dnahed fagmener whote angnal meircal Sacacenisicl may Seve besn ngmficanty

afewy

Mt meTary i SREIETRG ANT N2 wiidighenkd e was perormesd an IUE MM wihiie B D9 ce2sesain of TC ingusiter i,
Thir oripina! 'he! W27 Sapieys 4 reaed TC lnsusras Tast Coner seal This N4T oert MEEwT 2oy (o Me Aema ated and chad nol 3e

AEeCer, aanrdl n UR wAltoul Se weihen perTEratn of TC indsived Tear Canmer
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P ﬂ:i:’;ﬂ:;w -P-r:&nn a:ul.lr.d Bar
Saint Payl, Minnesota 55184 Grade: A4TACER

+ Date Rolled: | 10/2672004

CERTIFIED TEST REPORT P.0 ear
M.O #: [242823
; COLE JwFd CHEMICAL ANALYSIS [WT %) L .

Fci ™l 2[5 | si)[sa]cal[NiliCr]MofColi Vv |[co]l at | Ti [Cai[R"
i 5520 || 021 || 0.008 || 8.2« || 0-17 || 0.2 || 07 || 0008 |[@0ar |[aoos || G002 {0003 ] 7 |[es |

!' oar || 0oz

AND ROLLED N THE USA. MANUFACTURING PROCESSES FOA THIS STEEL WHICH MAY INCLUDE SCRAF MELTED IV AN ELECTRIC
&%Tﬁﬁm HAVE BEEN PEAFGRMED AT NORTH STAR STEEL MINNESOTA, 1678 RED ROCK RCAD, SAINT PAUL MINHESOTA, USA AL
FROOUCT PROCUCED FROM STRAND CAST SILLETS. NO WELD AEFARMENT PERFCAMED. STEEL NOT EXPOSED TO MERCURY OR ANY LICUR alL & Wi
1S LIGUSD AT AMBIENT TEMPERATURES DURING PROCESSING OR WHILE IN NORTH STAR STESL MINNESCTA POSSESSION,

JOMINY END QUENCH HARDENABILITY RESULTS [HRe)

(7 [ 52 [ 33 [3a ] 35 [ 36| 3 |38 ]2 [ Nofmj|a|
i 8 | % % | - L n 2 [ = | & ]
J13 | N4 | 15 | yi6 | Ji8 | J20 | J22 | J24 | 326 | J28 | J30 | J3z |
|« | 43 43 4z | [EX ETO| ®
smerery CitusRied Per A5 TH AZ25-10 o
' MECHANICAL TEST REPORT
[SPECTMEY |FIELD (Klpr)| FIELD | FENSILE | TENIILE | CGAUGE % ELONG) ¥ |
“AREA (i3} | s} J {ipy) l ) | LENGTH iy | BEND ] R
[ | | | | i | |
GA REJIEWED {L.L...LtET
[__asaitinnal 5o A, DATE ) %E&‘Lﬁﬁ
AZ54-0a (Chemisiry Only) DYSON
Grain Size: (-5 | Redustion Rate: E_z;'. l 4 CEFan ]!l | unﬁltﬁ-’::ll.:lbl:d;ul
Coding: | | DEEAT Ly u:.—gsg_g pes F. | CE | e e [ a7
: : | {Test I::

CHARPY IMPACT TEST
b PTewt 1 Temt 3

Tema (F)

F2-C1

o P L | S

Micra Clexn Average =
[0 [ Jon [ | SRatng [ | ORadmp

Macro Etch:

fdb1 |
BBl |
bl |
mmm:‘ﬂl:ﬂyhﬂ“ﬁlm.

Chemical bests zerformed in acsardance win ASTM 415 and E1078.
Meczharical ieaix serformied in accorcancs io ASTM ELET0, 18 E390
and AJTO, AB other teats perfonmed in accordance with tha requirsments
of rpicaie STECAIANGNE uniess HNerwise Aoied above, We hersay
carsly Mal the above best resulty are repressnitative of those contained in
the records of the scmpany. = .

Any modification io ths canificate a3 provided by Noh Star Slesl
Minnessta without the axpressed writtan consent of North Star Stesf
Minnesats negafes the valldity of this lest report. This report shall nol 0e
recroduced excedt in full, without e sxpressed willan consent of Norin
Siar Sies Minmescts, Morth Star Stesl Minnesads s not respansitie for
the inabifity of fis maderial [D mest specific aopiications.

W QA Approval f
CATE: 12292004 D . 2% ,
AL Fatar Shaver ’

[ ASTM Tast Method

JASTM | ASTM | ASTM | AETM AETM | AETM | ASTM ATTM ASTH A5°
s | o gl B

Imucim ER |!ll I1I:J[2|]!!1:I

|: x1rlx| rI-I_I
3 T | | i
==t 4! F 1111 i

X dortn Star Steel Minnesota, AJLA Cartification #105301 2. 83048
~ Dencles Testing By Sub-Coniracior:

Matslungical Servces 162, AZLA Canificadon #510-01 Ex. 1200/02
Stork Twan Clty Testing, AZLA Cavification 3747501 Exp 1273104

Measurgmant of uncedainty informadion i1 svmladle upon eouest

SWORN AND SUBSCRIBED TO BEFORE ME

THIS oAy

panTalty PIBLIT)
THES CERTIFICATE IS NOTAAZED ONLY WHEN REQUESTES
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S L

CERTIFIED TEST REFORT

| - -
S3C DYSON CORP. AN
53 Freedom Road  — -ﬁ’ 440-946-3500
E_Tﬁ*i DOMESTIC NUT Painesville, OH 44077 440-352-2700 fax
DYsoN CLSTOMER TeM CLANTITY DATE
ORDERS ORDERS NLUMBER SHIPEED SHIFFED
C 71104 18010-10636 40f5 40 pcs 5/31/0z
CLSTOMER FRODUCT DESCAIPTION
Thampson Metal Fab, Inc. 3,00"-8UN-2B (.031" oversize) heavy hex nut, HDG
PO Box 5276 per ASTM-A153
Vancouver, WA 98668
USA SPECIFICATIONS
AASHTO M 291 Grade DH (ASTM-A363 Gr. DH)
DRAWING
Diyson Std o i — ——
STAATING MATERIAL  Dud GRADE ar¥ LOTCODE  HEATNG. OFIGIVAL MILL
Round Bar 3.300 1045 40 JHUz  Ssmas Narth Star

The product listed above was manufactured, tested, sampled, and inspected in accordance with the
specification, purchase order, and any supplementary requirements and was found to meet those

requiremnents unless otherwise noted. i
1 The steel was melted and manufactured in the USA and the product was manufactured and teste in

the LSA.
2. Hardness Results; 255/269 HEW

oS - Zé:ssir

Alfschmants;

Mlill Test Report @
Daberah A Smith
GLA, Agmin, Agsistant
5/31r08

LASGE DIAMETER FASTENERS & FORGINGS / STANDARDS & SPECIALS / COMMERCIAL, MILITARY & NUCLEAR SPECIFCATION
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THE DYSUMN CORPURA LIUN POYRe M2y S ol 8
4T ROLLED ADLYTS i ey coroy 0 0 g s e 8
A.5000 X 5 tsnined in g IO ompA
PART KO —_— = T

. oA ToCl: TUNF AR mEE S| 00| pd 1EE1 FasaBOd = 3

7

D563

§§  NORTHSTAR STEEL MINNESOTA %=~
T A Prodsen
Baing Poud, Mineesots 25184 Grade: |
CERTIFIED TEST REPORT o j
WLO #: EA0TES |
TE-BOB ]

CodtE EH'LO* CHENICAL AMALYSIS WT %)

climaj[2 ][5 ) st [ sn][cuimillcriimelicn|[v|col &t [ VT E]
aas [ 085 |faecs o |[ a3 [[oacs ) 0. MI-[[ILM | &2t |{ 2618 || e | |0.0oan)| A6 IR N
WATESLAL 990% MELTED AND ADULED I THE UEA. MUMUFASTURNG PROCESEDE BOA THIE STERL. WAICH MAT INSLUDE BCRAP MELTES v Ak ELECTRE

AR FURMAZE AMC HOT BOLLING, MAVE BEEN PERFORNED AT SORTH STAR STESL MWNESOTA, 1678 ATD ADCK BOAD, AINT ALY MKSESAT
RO STRANG CAST BLLETE. MO wWiELD REPAIRMENT FERFCANED. ITREL KOT EXPSEED T0 mqqm._mﬂ#,;.

RCUc PASEUEED

= LS AT AMEIENT TEUPERATURES DURING SRICESSind OF wEILE [N NORTH STAR STEE N ESOTA POSIRSSEN.
JORENY ENC QUENCH HARDESNARL TY RESULTE [HAG)

efnn[n]ulx | &%l iB|» [nelnlan]

| I I | [ I | i E

JU [N s ne [ N3 |30 | 3= |34 [ 26 | 18 | 350 | 333 |

| | | i

I | I i ]
MEZHANICAL TEST REPQRT

[SPSCMEN |PIELD | FELD TENILE | TENELLL l G DD 1‘ L x EXF i Ti0N

AREA 1) oy O fa 2] Iu\'ﬂ.‘x.er | BEND i FoRADE

[ e | 1o | Sia W2 | way | IXW | o0 | | B | MEnEF |

-

[
AdiATIM-391
AT S50 (ZEED - e ;

-~ ] h T B e e T o o s [ P, TR
Jul'-ﬂﬂ"-l.lt E[:I I Aaduzfian Retlg: E_l_! i ; E_EJH'I 1 A5 HAalled surtsce mirdnsas
] r | S ———————— [ Ban 7 AR
Cacing: | 0127 |, M= G182 per | S5 [| [Festts | i |

| [Tast i | 1i ;

| CHARPY MPACT TEET Mlicn Caan dvarsge |

I i
oo O o O o e Y PR o S
‘nm&u..- = |

Tema i |

‘-'-""': ! | AL TM Tast Mwitod

f=bi 2 || | ST AST | ASTH | ASTH | AFTM  AETW | AETH  LETH AT W/

e F L ] Aswrestes w437V | 62 | | Em | Em .lm:lu:ll-lqu--u B
T o iy BT Sy 1 e dems ieaned, x| x| x]|x] ] XK1E] %
© Jancis B0 SeriSTEed by muSmnniracin in gesordance e ATTM -] | EIRE
SIRAIRITY, : e O r | = - :
Crbmeeal ety Sertrad In ACITIACe wen ASTM E412 ang E5018, 030 Gamme =0 | i Y
Wecarical Lewis sertommed I accorsarcs tn ASTH 53,510 s ATTE AS " g

et - el o X Mot Star Stew Minvedols, ASLA Catdcair 0S50, B 43004
Soesiopiom criens Sferets ACied abdve We heeby cerly el De .
o 15 vl @7 MG ANLAve of Tome in e o of Dovsatiod: -ty it SS-Cin e
g »  Meciurzes Sereces ine, AZLA Carpe $10-01, Swm 127104

Saorm Twen Tty Tewsng,  AZLA Cart 8 147-01, Eag 122004
Ay modficagion 13 s cerifios & provissd By NorD Far Stes
FMiwimts s e amrveee? wllen coneend of Mo Siar T
hllhl-whr-gmluma:l-_mm;mﬁ-lmh
‘Um0 A Wil T RS wilen oonaecd & NDeT
T Jue Mineesgia o St Stew Minmesois (8 net resparedie o
P nEsiy O e Tuleedd io mesi soecis spplontions
SWORN AND SUBSCRIBED TD BEPORE ME

SamED:
DATE madfravm -

L

Dot Mo, 46428 Iodeved 2TAurd? by fsad
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Appendix D
MTR’s, Replacement Bolts, East Half

Portland Bolt/Galvanizers CO
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k-G
mm;;isrtmntflm vmmzH - E mdpnmm Wanet
1202 Tacoma ¥ e
'rm:-.mv?riMi . Prejest Team i
PH: (253) 4396155
EAX: (293) 4395159 v 2

Tﬁ: ll‘ﬂ; d !

WA. DEPARTMENT OF TRANSPORTATION
950 Broadway Suite 501
Tacoma, WA 98402

THESE ITEMS ARE TRANSMITTED AS CHECKED BELOW:

For Approval. Please return copies with approval and any comections andfor notations.
Approved ! Disapproved by:

For you to submit & Proposal on work indicated as being revised. Pieass submit an “Add™ ;_.,n— =
wwwwummmmmwmmmmﬂm your work, )
For pricing only. Do not proceed with construction until notified. =
For construction use, proceed immediately. A %H '
For your general information. []  For your review and comments  [] meawligalm.(;;

Permanent Material? RAM#: 13327 .

T 2 -ﬂﬂ;ﬂf{q }'f

| ot EdY .
T T e i
Lot ,.E?ENJ"’ A AN
Plense contact us prompily if there is a problem or question/ fl/t{ i
Very Truly Yours, :
By  Fred Flaming
Kiewit = General, A Joint Venture

BOOO OO0

Copy To: |, File-Marilyn 2.
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i
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L T T e ey e ey

HE
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[T

Duihvering Cariar p.a.u.} -S. - hwmmﬂ&ﬂ_—_m_ C. 0. 0. cragua i
Collact on Debrery § Ard Pamil b D e
Syt Staig]

City
e | e

;fg_ —Ttnrrg;!(i IanJﬁ Lasi il NLT'E
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7 Sheres
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gy
Shipipas, Pas Agant must detech and retain
this Order smg must
Deramtpeas ﬂ%@ 37;1'-‘?

2
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STRAIGHT BILL OF LADING » SHORT FORM - ORIGINAL - NOT NEGOTIABLE
Don Jennings
X OF CARAER) Carriar'y Mo
m“-hmnﬂhﬂ'ﬁhqhuh*"‘h

AT 2408 NW 30th Ave., Portland, OR 97210 Chaba; 24-Jun-09
Fram GALVANIZERS COMPANY e
o oty e ptted e, metet (i e [ aied COOn of ol ] | o, ennsighed
And Sastined ms efen e buic, #0Eh Sk camer (e mond Carie b UTISTEINN Mg ens Pl conlael i meanig iy person or

ool it poaiadsien cf i PTREY Under B conirec] sgres B cay i i sl plece. of delewry ol said dealnalion | Fon iy aate, ofereis
-d-h-r'---—nuun-h-umlb,nuwuhqm-yuuuqulﬂmnﬂun-u
of maf mede W desleaitn, and i W0 ﬂmuq_mn'nqdﬂm“m-ﬂnhm“
Mh-ﬁu-uh“ﬂ-nnnrhu-nmmuﬂuﬂquumnmmthm-n-un
¥ dhuin Rarna, ¥l omi o rall-welia shigmant. Gr () in i appicstin motr Sarter clasaMestion cr tarsl 8 Bis s & MO il ghipmant,
Eipper haraby cesfies Bl by | oilier with al e isrms s condiions ol said bl of lading. inchuding Swoss on the hack Bansol_ st

mhhm.uﬂp—nminmﬂhumnm-m_uuh
B0 bl RETwpind i Pensal sed his Baages

Cosigned in Klewit-Genaral cio Lofall Storage Facility

Destinason Poulsho __ Siis  Washinglon ZipCode 08370 Contact § an-rmeaa
Deltvary Address Hwy 3 5
Floule
Dwiltvary Carer Car o Vahiche it Ma.
M, oo0g Hind of Package, Descriptns of Actcs, Specil * WEIGHT Clasa oF
PACHASES = Mari, and Excagtions n-uu_m Auis
-] Threatded rods with nuis aftached (37 = 2467} 3,000
Kl PO #0211 Bi-KM1 054 | [T —
ke o FEET RO
= "To e Prage
Musl Delbver Wednaadny AM
Ereight Propaid _
FREIGHT PREFAID
i B Total] 3,000
SHIPPERS CERTIFICATION This i b cariy Bl the

T — Sigranse  Caalg Hamilton

copcrived, packnped, marked dnd beisd, sod am n

PrOper cordhion I IRER sraeseg I P Title Opsrations Mgr.
i atla of e Ot of Tramas

tni—--nﬂ-mh-iflﬂn-.nhmﬂnlldu‘u—m
lnﬁumm.mm-—n—-m-mm—“-—m
Wi T A0 OF dintiemd sl of B sy, Tha sgrimad o eclend «ahas ol ta ety s hevsty apsctically

o i 2 gy - N I
GALVANIZERS CO.,

2408 NW 10t Ave, Bhippar, Agent, Par
Poritand, OR 97110
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GAINRNTERS COMPAReY

2406 (% (% J0TR) AVENYE
PORAND, QRESEHN 97279

TELEPHONE 503-227-5611 T __ FAX 503-227-2558
June 29, 2009

Kiewitt-General
PO Box 232
Port Gamble, WA 98264-0232

To Whom It May Concern:

We hereby certify that the following material has been galvanized in accordance
with specifications as set forth by ASTM-A-123/A-153. Final inspection has
been made and the material meets all requirements.

Reference Date: '6/16/09

Reference No. 21150-KM1054

Material: 6pes- 3" x 246" Anchor Rod

Sincerely,

Craig Hamilton
Operations Manager
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e

% Certification of Materials Origin
de mmmmmmmw
E..laSIS‘ Heob CAnABed o Reworir ¢ sner (04
l‘W’ 33€ v 550 HAMF Kepracsmesr

el - Gaverar , A Towr Venvuee
THupslier v =

Fn ..E"’T g
loz (&
Depcripton

24 24l A3 s Penc
I  Amyzd wurs

Rer-12ik

Rava |3%2T

mmmymwumvnmum acoEpianes under Coniraet
Provisiona antitled "Buy America” m-uum-mumhmm tha ceriification as notod in
1 or 2 bedow. Manufacturing processes for the materials ang defned on B Back of this korm.

#H o m!mmwuﬂ e AmaricanMade wih o marefactuing procussss erdrely within the

2 The muerisls furnished for this umder
O o - project trits carificalion contaln siwel or Inon mamudacured, il o In parn, outside

[The Descrpiion and Couriry of Orig of frans materils & & olows:

Ve nvaios Coal 1o Tos abows Sascrbad Torslgrnnds maieren I

| deciane under panalty of perjury under the laws of the State af Washingicn thal tha foragaing Is true and corect.
Fpttioen, bor g

Corracisn | | Suppilai Narme
i 2 :ﬁ b-ﬂb;f".l PM% Ol

BOT Form 230108 F Sice 1 0f2
Arsiee
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5 P

PORTLAND BOLT

& MANUFACTURING COD., INC,
1-800-547-6758

Mailing Address: PO Box 2866 » Portland, OR 87208

Physical Address: 3441 NW Guam 5t - Porland, OR 97210
Phone: 503-227-5488 » Fauc 503-227-4834

Web: www portiandbolt.com « E-Malk sales@portiandboit.com

Ao e e ——— +
| PRODUCT CERTIFICATION ]

For: KIEWIT-GENERAL/T.V.
FB Involce#: 29578

Cust PO#: SEE COMMENTS
Date: 6/12/2009
Shipped: 6/15/2009

We certify the following material was supplied in accordance with your order.

Descriptien: 3--8% X 246 BLK ASTM A3IS4BD RODS

T H,.EEZ'EEQEEE"'T Bage Steel: A3S4ED Diam: 3

Scurce: KREHER STEEL CO LLC Proof Load: 0

C i 400 Mr: .T40 P: .009 Hardness: 331 HEN

8 : .005 8i: .240 Wi: 1.680 Tensile:161, 000 PSI RA: 56.00%
Cr: ,800 Mo: 210 Cu: .190 ¥Yield: 144,000 PSI Elon: 18.00%
Pb: .000 v: .003 Cbh: .001 Sample Length: 2 INCH

W : 000 CE: .6B75 Charpy: 47 48 43

CVH TEMP -20F

Huts:
ASTM ASEIDH HVY HX

Coatings:

ASTM Al153 CL.C RND F2329,

HOT DIP GALV

cation Department Quality Assurance
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[T

mgm"%%ggwoﬁv LLC.

Certificate of Mill Test Rmrh
-n—b-n---nm- wil e ey wyd o s -.:D.T' prociy I m
—ﬂx:::: i'-l'ﬂlll_‘ﬂw- v S e P‘

- L o e —— i e e ’
-H.=-a— —r--mw-n-uﬁ-bq—-'
fﬁ“ ﬂmﬂﬂm—u 0l B it i o g o P i, o

Trila et fo v
T+ 1#!1!“# r-'-'-ﬂ'-il-il-tibl--r-u--

Endewri b cluy
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«3 FAR =iz P IGGAUSEELEN - [L YV iy
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,‘m‘fz TE] %{Pm Lk«?‘ Cuﬂﬁmt:fﬂh{ll‘ut!uu[ts
Wi v 1 -1EVTRE-001 Ehao
B e N = e T

@ Republic zs:=sress. T

CERTIFICATE OF TESTS REFUBLIC ENGINEERED FROOUCTY Palermary 17, 2008
Pauis |

PART WIMHER ACCODET WOMEER: A3-1TIgL
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UMPAN‘Y LLC. Certificate of Mill Test Results

C
; {DB(?LTtWG. I““ 501 -jeme-on|
i THTHL 1 L]
M ,—.g:;:-.':...,_,-"'-*'ﬂ_._ Femmreeem

® Republic smmwr =i
s H-5ENd TEX;  J00-A39-5883

ERDIES4f S FleBUdTE

CERTIFICATE OF REPUBLIC ENGINESRED FRODUCTS Pebreny 22,2009

ora
w-ﬂi“lﬂ. FACHANE OEDEN TATE afLafanes
CEISER. WUMEEL LAGEMSH - 61 | T ::: H“-“
SDELETE REVLETON 1
ORI o WL I oo FeETasTON,
EO WELO G WELD REWATA K FEUFORIGE ON THEY MATERINL,
e s e i R S WOTES [ QOWTIIRIRG)
mmmmmwmnﬂﬁ
- INFCREATTON -

R k. WLy ILL, REOOY
DIERCTER RAL, ARFUMARCE -

Al reeny

YN T T e — MH‘#
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- i i
i CERTIFIED MATERIAL TEST REPORT ]
23S DYSON CORP. REGRIVED

53 Freedom Road - 440-946-3500
OJN DOMESTIC NUT Painesville, OH 44077 JUN 1= 2008 a0 o o700 fax
DVSON CLUSTOMER ITEM QUANTITY DATE
ORDERE OROERS NUMBER SHIPPED SHIPPED
C 103320 96413 lof2 6 pcs 5/26/09
CUSTOMER PRODUCT DESCRIPTION
Portland Bolt & Manfacturing Co. Inc. 3.00"8UN-28 heavy hex nut
PO Box 2866
Portland, OR 57208 SPECIFICATIONS
USA ASTM-A194 Grade 2H
DRAWING
;'_.Dg-msu
STARTING MATERIAL  DIA GRADE O LOTCODE  HEATNQ, ORIGINAL MiLL
IIIII Round Bar 3.1 1045 [ MSW3 MITTI0 ; Gerdan
mwmmmmmmm,mdwhmmm
specification, purchase order, and any supplementary requirements and was found to maet thoss
requirements unless otherwise noted. ;
;ﬂ;j;mdwnmﬂﬂdehhlﬁ&mﬂhwuﬁnwumu&mnﬂﬂWh
e ;
2 Hardness Resulls: 269,/285 HEW 248 HBW after 24 he. HLT. by i i
s o an sumple nuts in accordance with
..... = Ik =T 1wt f —— T T
Mill Test Report

4L

LA, Admin, Assisiang
5/26/08

WWFMIMFHMMIMFM MILITARY & NUCLEAR SPECIFICATIONS

Yo
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i g
MACHIZAN ag20

CobEe MaW?
CERTIFIED MATERIAL TEST REPORT
R WM DL A TR PART WU AT W TR LATOEN WLpes DeTE
26945 0 Mi1730 225458 101  13/10/08
SMEPTET T = -
DAVE KRAUS
TURRET STEEL CORF. TURRET STEEL

LEETSDALE INDUSTRIAL PARK

PICK OF AT MILL

FIRET STREET
P.O. BOX 55
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[ CERTIFIED MATERIAL TEST REPORT ]
28C DVSON CORP. REGEIVED
53 Freedom Road - J00240-946-3
EE DOMESTIC NUT Painesville, OH 44077 i . m—asz-rrﬁﬁ'm
OYSoN CUSTOMER ITEM QLANTITY DATE
ORDERS ORDERS NUMBER SHIPPED SHIPPED
C 103321 06413 2of 2 6 pes 5/26/09
CUSTOMER PRODUCT DESCRIFTION
Portland Balt & Manfachuring Co. Ine. 3.00"-8UN-2B heavy hex mut, HDG per ASTM-A153/
PO Box 2856 ' ASTM-F2329 & tapped 050" oversize with wax & dye
Portland, OR 97208
USA SPECIFICATIONS
ASTM-A1% Grade ZH
DRAWING
Dyaon Std
STARTING MATERIAL  DiA GRADE anr LOTCODE  HEAT NO. ORIGINAL MILL
Foumd Bar 3.250 1045 [ MSW3  MaiTao Gerdau
fication, purchase . &nd any supplementury requirements and was to rreset those
lh?fwwﬂmhhmﬂhmw-mmmh
i .

2. Hardness Results: 269/285 HEW 248 HBW after 24 hr. H'T. on sample nuts in accordance with
ASTM-A1M Grade ZH

Mill Test Report
Galvanizing Certification Q ] ! -
Debargh A. Smith
LA, Admin. Assistant
5/26/08

LARGE DIAMETER FASTENERS & FORGINGS / STANDARDS § SPECIALS / COMMERCIAL, MILITARY & NUCLEAR SPECIFICATIONS



HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

L R o . i
GERDAU MALSTEEL sae
MECHIGAN 49201
CODE MalW 3
cmmnmmnﬂmr

T TR MWD T R LR O P T WL AT W OAN DO MRS nary

‘25515 o H3il1730 435458 101 J!flﬂiﬂa
REPOST TD

DAVE KRAUS —

TURRET STEEL CORP. TURRET STEEL -

LEETSOALE INDUSTRIAL PARK PICK UP AT MTLL

FIRST STREET

P.O. BOX 55

LEETSDALE , PA 15056 MONROE |, MI

_ORDERED
S e e
1045 3.a5e _RND 20!
L TOMER 1 Corea Fow g
ASTM MIZ—U‘JE H?E*ﬂ'ﬂg
CHEMICAL ANALYSIS
c Mn P g8 81 Ni cr Mo Cu Sn Al
0.46 6.73 0.014 0.024 0.35 0.07 o.13 0.02 0.17 0.018 0.003
v Hb

0.032 0.001

GRAIN SIZE SFECIPICATION ASTM E112 FPINE GRAIN 5-8

REDUCTION RATIO

RATIO= 4.3 TO 1.0

AT A T

Ebs ke 3 PR i 14, T o e




HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

CERTS

[BATE SB/2008] | L

[ ] [
THE ART GALVANIZING WKS., INC.

PACKING SLIP/CERTIFICATIONS

I —

TO DYSON CORP. PO# 66215

IﬂE__[_“" :
NG THE FOLLOWING MATERIAL HAS BEEN HOT DIP GALVAN TO ASTM A 153 OR

Eiﬁﬁ ﬂif:mﬁﬁm ﬁﬁfﬁmﬁmim ACOPY OF
OF THE ABOVE m%umm AN INTERRAL PART OF THIS

CERTIFICATION AND SHOULD BE ATTACHED.
72 PCS MISC. WASHERS 7 aj-l-m mq&_l_ MEW-3 PCE ¥ HHN CODE 3
|
V' WEIGHT 3 GALV WEIGHT 7] GALV w‘r:im'r 6OZ#
INCHES [OZSQFT |- lINCHES QFT INCHES [OZiSQFT
0.0038 224 0.0058 34 0.0028 1.68
000468 27 0.0064 378 0.0038 212
0.0042 24 00052 3.08 0.0038| 224
0.0034 200 0.0066 3.88] 0.0042 247
W'n 3 0.0074 4.35] 0.0046 2.1
[AvG | 2.45 AVG 269 AVG 224
Eiss = I 43 )
GALV WEIGHT [GALV WEIGHT V WEIGHT
{INGHES 'uzrsu FT INCHES Joz5sa FT —%’Tm FT
0 0.00] of 000 0|
0 0.00] [1]| 0.00 1] 0.00
ol 0.00] o 0.0 o 060
0f 0.00| 1] 0.00 (7] ]
e 0 0.00 of [1] [1] 0.00[
AVG 0.00 AVG 0.00 AVE b.00
GALV WEIGHT GALV WEIGHT GALV WEIGHT
[IMCHES [oZrsaFT INCHEE OZ/SQ FT INCHES [OZ/SQFT,
[ 0,00 [1] 0.00 = il 0.00
n! 0, []] 0.00 (] 0.00)
ol 0. ] 0.00] 0,
0 0. o 0.00 0.00
[ 0.00 0 0.00 [} 0.00
NG 0.00 AVG 0.00 AVG 0.00




HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

Waihmglon 5tale
G 06528 .Fbgﬁ:cm*
Seclion
o MP 1375 18 MP 1550
S T -GENERAL-

Far assisiznce in completing, see insiruciions and Exsmpie

L] T e

Muisaal o | Mama and Loewsion ef Fakricai PE
liem Mo HI!H!"IW}._I_ daruinchine o P Mumbar w ]

16T +3'%240 Ao T2 AND Boctper aal
23K ASTM, | “FRenanD R3]
& BD B> Pavrad 04
. W Moye . _APPROVAL ACTION FOR
Gy W apse T TS ORI o
ACCEPTANCE - I

- GANANZNG | I ——— i ol
e ] i TZE :'%‘.E’H Z
CoFReds | Company

ifp"HWb,_Qd‘

r -

*RFL 1316 - S Avcnied '
Presec] Enginses 'ﬁ\{ = If‘-‘m.ﬁ?‘?ﬁﬂ
T |

e et ot e
d 1o Pregecs Exgae

T ppm sl Pgndivg mu‘"""“'bmwmlh

L ] Hiery For Apguoreal Achan

T Ay Wikheid o e —
Wy et W B
"

He s %‘l/aq -Mrmr Pb
' Vers

IE MR

ot S Onoion Repuiasp [besied).
L] Cai hiclos D gon Mataraic Statw Materials Enginger Distribalion —I e

O Cearorad Faa =
L S s F pmmatanin Eregposer  [TGHate kisg Ol Figming fisgorton
e O ¥ sbreaon koginchor [ obes

Subemiita| Mo CO5318.02 041

94



HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

APPENDIX E
Dwight Co Welding Laboratory Service
Failure Analysis Report
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414 HEWITT RD, CHEHALIS, WA , 98532 380-262- BE44,

— DWIGHT COMPANY, Inc. —
WELDING LABORATORY SERVICE

Sww seldisd.zom

FAX J60-262-9404, e-mai: dwighti@weldlab com

 Mayes Testing Engineers

| =] sunday, April 26, 2009
| 22025 Cedar Valley Road, Suite 110
' Attention: Mr. Mike Mayes P.E., & Mr. Geoff Swett PE, | Fax -
Mr. Scott Ireland, P.E.

Metallurgical Record of FW 3" Bolt Failures on East Half - 2009

BACKGROUND:

Figure 1 shows the most probable
boll loading assembled condition,

The damaged washer components
show that a significant off center
condition existed when the 3°
diameter nuts were tightened against
the larger housing twube / washear
combination.

The microstructures examined in ball
threaded areas #5 & #8 are located
in close proximity to the fracture
surfaces.

OBJECTIVES OF TEST WORK:

1. To determine the probable
faflure cause,

2. To determine if hydrogen
damage is presant in the
failed bolts at fracture
interface.

3. To provide specific fracture
surface records and
microphoto section data.

4. To suggest inspection details
for carrective action,

Resirained
side Washer
low cycle tensile load
| owerload
I crack.

Figure 1, MOST PROBABLE ASSEMELED
mm&mnm WHICH SUPPORTS OBSERVED
DAMAGE .

Mataliwrgicad Record of FW 3° Boit Faitures on East Half - 2008.doc

Page 1 of &
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SPECIMENS RECEIVED FOR ANALYSIS:

-

Two (2 ) failed 3" diameter bolts , nuts and
washers are shown in Figures 2, and 3.

The fracture surfaces are cleary visible and
are covered with a light patina of iron oxide
| rust ).

INITIAL LOW CYCLE CRACK —

Both fractures are reported to have occurmed as
parl of a routine lensile torgue procedure.

Engineers advise thal there are 14 of the 3°
diameter boll , nut and washer assemblies,

To date, three (3) of the fourleen {14) have
failad

Figure 2, # 5§ BOLT AS RECEIVED WITH
FRACTURE END AND DAMAGED WASHER.

FRACTURE MORPHOLOGY

Baoth fraclure surfaces show an initkal crack
start region with a large fast fracture area.

FINAL FAST FRACTURE REGION —
{ typical of both bolt assemblies )

INITIAL LOW CYCLE CRACK —— E HS

This condition was found on both tha fafled balt
assemblies,

The washers on both assemblies were also
heavily damaged, Both washers showed
significant deformation from compressive
siress,

Figure 3, # 8 BOLT AS RECEIVED WITH
FRACTURE END AND DAMAGED WASHER

Metallurgical Racord of FW 3° Balt Falures on East Haif - 3008 doe Page 2ol 6
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MICROSTRUCTURE RECORD 3" DIAMETER # 5 BOLT ASSEMBLY

Tha thread root micro is
typical fer an overload
tensile adjacent to the
fracture surface,

The crack at the root ks nol
hydrogen induced.

The microphoto in Figure §
is localed at the crack start
reghon,

There are small lears at
the surface but no
evidence of hydrogan
damagea.

Metallwgical Record of FW 3" Bolt Fallures on East Half - 2009 doc

| Figure 4, 100X MICROPHOTO OF 85 :N THREAD ROOT WITH
TEARING AT THE ROOT.

P e x &

o foa 3 s i ;
Figure 5 400X MICROPHOTOD OF THE CYCLIC CRACK START
REGION OF BOLT #5.

Page 3al &
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The microphoto in Figure 6
is located al the start of the
fast fracture region.

Again there is no evidence
of hydrogen damage,

— — —— e —

MICROSTRUCTURE RECORD 3" DIAMETER # 8 BOLT ASSEMBLY

The thread rool micro does
not show any overioad
tensila damage adjacent to
the fracture surface,

Hydrogen induced damage
i5 not visible at the root .

e e

Figure 7, 100X MICROPHOTO OF #8 BOLT IN THREAD ROOT.
THERE IS ONE SMALL NON-METALLIC INCLUSION AT THE ROOT

| -.'.-.'._.""'I'

Mesallurgical Record of FW 3" Bolt Falunes on East Hall - 2009.doc Page 4 of &
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MICROSTRUCTURE RECORD 3" DIAMETER # 8 BOLT ASSEMBLY, continued

The micropholo in Figure 8 is
located at the crack star
region

There are no small lears at
the surface and no evidence
of hydrogen damage.

s

Figure B, 400X MICROPHOTO OF THE CYCLIC CRACK START
REGION OF BOLT #3.

The microphoto in Figure 9 s
located at the start of the fast
fracture region.

Again there is no evidence of
hydrogen damage.

Figure 8, 400X MICROPHOTO OF THE FAST FAILURE REGION OF
BOLT #3.

Metaiturgical Record of FW 3° Boll Fallures on East Hall - 2008 doe Paga 5 of &
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INSPECTION DETAIL RECOMMENDATIONS

The material microstructures are temperad martensite and pearfite with some ferrile, This
microstructure will be sensitive to off center loading at thread roots as is the case in the examples
examined on falled balts 5 & 8,

The following is recommended to determine the actual surface condition and probable volume
condition of each 3" diameter bolt that has been loaded.

1. Unload all bailts.
2. Clean / degrease the complete thread surface to a smocth or bright metal condition

3. Use a very sensitive PT method to perform and initial screening of the entire thread
surface,

4. Follow up with an MT or UT as recommendad by the NDE engineers.
5. Accapt or reject each boll by serial number.
6. Replace bolts with crack like indications.

8. Re-torque in accordance with the drawing procedure,

SUMMARY OF FINDINGS

o The probable failure cause of the 3° bolt assemblies is nan-concentric loading during the
final torque tensioning.

Hydrogen damage was not present in the failed bolts at fracture interface or adjacent to
the fracture area,

o Inspection details for corrective action have been suggested based on the metallurgy
cbserved in this brief investigation.

J. M. W Welding Engineer
Wolanzed A Aogared e Tas
Matallurgical Record of W 3 Balt Fallures on East Half - 2009, doc Papa & of &
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Lisin Metallurgical Services Failure Analysis - Report 1
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September 13, 201_3 @ ‘“‘§
Bainbridge Structures Group

: LISIN
?ggﬂsﬂgf:r?sgwoﬁz PE METALLURGICAL
Bainbridge Island, WA 98110 SERVICES
E-mail: rshulock@BainbridgeStructures.com

Subject: Analysis of Two Failed ASTM A354 Grade BD 3 Inch Diameter Galvanized
Steel Bolts

Lisin Metallurgical Services Job No. 524-13-001
Dear Bob,

Fracture initiation in two failed 3 inch diameter ASTM A 354 Grade BD high strength
galvanized steel bolts was the result of hydrogen embrittlement. Hydrogen embrittlement
refers to a loss of strength and ductility in some high strength alloys upon sustained tensile
loading due to absorption of as little as a few ppm of hydrogen. Evidence of hydrogen
embrittlement includes the reported delayed failure within an estimated 2 weeks of load
application and the presence of a partially intergranular fracture initiation.

Five likely contributing factors to hydrogen embrittlement failure were identified:

1) A high specified installation stress of 70% of the minimum specified ultimate
tensile strength. ’

2) A likely increase in tensile stress due to washer deformation and a resulting
superimposed bending load. Evidence of a superimposed bending load
included severely deformed and cracked washers and fracture initiation on one
side of the bolt and propagation to final overload on the opposite side. Multiple
thread rool cracks in adjacent threads on the fracture initiation side of the bolt
but not on the final failure side of the bolt further suggests application of a
superimposed bending load.

3) Use of a galvanized coating:

a. Pre-galvanizing surface preparation by acid pickling can introduce hydrogen.

b. Corrosion of the galvanized coating can result in formation of hydrogen at
coating holidays (areas of bare steel). The source of hydrogen (steelmaking,
pickling, corrasion) has not (and can not) be identified with certainty.

4) Minor corrosion of both the galvanized coating and the steel substrate was
apparent, and the corrodant chlorine was detected in corrosion product deposits.
Hydrogen generation is possible under these conditions,

5) A marginal microstructure and limited fracture toughness resulting from selection
of a "lean" alloy for this large diameter bolt. Specifically, some transformation

products other than the desired tempered martensite were present in the bolt
alloy.

Final overload fracture occurred in a brittle manner. Brittle rather than ductile
overload was promoted by a less than optimum microstructure, a sharp crack tip present in

Specializing In Failure Analysis
2335 BE Harrison, Milwaukie, Oregon 87222 Ph. {503) 857-0557 Fax (503) 657-6207 Mark@lisinmet.com
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a thick section, and application of high tensile stresses. A large area of final overload
relative to the fracture initiation attests to the high tensile stresses present within the bolit.

The measured alloy composition and tensile properties of duplicate bars removed
from a mid-radius location of one bolt met the requirements of Grade BD of ASTM A 354,
Hardness measurements at a mid-radius location were below specification requirements.
However, tensile properties take precedence over hardness and the bolt material is
considered to be within the specified requirements of ASTM A 354,

Inspection of the galvanized coating revealed evidence of both mechanical damage,
likely due to nut installation, and minor corrosion. Some areas of bare steel were apparent.

Introduction:

Two previously sectioned and analyzed bolts were received for analysis. The bolts
were reportedly specified as 3 inch diameter, galvanized steel bolts per Grade BD of
ASTM A 354. These two failed bolts were reportedly discovered by a painting crew on
April 24", 2009 within an estimated 14 days after instaliation. Installation repartedly
resulted in an axial tensile stress of 70% of the minimum specified ultimate tensile strength
of 140 ksi per Grade BD. There were 12 bolts installed from a lot of 20 bolts manufactured
by Dyson Corp. A third bolt failed later in the day on the 24" April and three more
reportedly fractured completely within the next week. Visual inspection of the six remaining
intact bolts confirmed that all showed indications of permanent deformation and they were
rejected. Bolts were reportedly installed with washers that were too thin for the annular
space between the bolt and the CIP 4 inch diameter pipe sleeves.

Qur analysis initiated with visual inspection of the bolts. Selected locations of the
fracture surfaces were further evaluated by optical and scanning electron microscopy.
Deposits on the bolts (likely contaminated) and the washers (likely uncontaminated) were
analyzed by energy dispersive x-ray spectroscopy. Alloy compaosition was characterized by
optical emission spectroscopy. Samples were removed from one bolt for tensile testing
and Charpy impact testing. A Rockwell hardness survey was completed on one bolt, and
Vickers 300 gram microhardness surveys were completed on both bolts. Metallographic
examination of longitudinal-radial sections through the fracture initiation sites, location of
final fracture, and threads was also performed. The condition of the galvanized coating
was qualitatively assessed by optical and scanning electron microscopy and
metallographic examination.

Detailed results of the analysis are documented in the following tables and figures.
Thank you for working with Lisin Metallurgical Services on this project. Please feel free to
contact us with any comments or questions about these results.

Sin-::erely_
II.I‘ .
744 Y __./ “
PN LA
Mark A. Lisin, P.E.
Lisin Metallurgical Services
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Table 1
Work Scope
Analysis Description - Bolt #5 | Bolt #8
Visual inspection Document any corrosion, deformation, thread X
damage, galvanizing damage, etc.
Optical fractography Identify location of fracture initiation, final X X
overload fracture.
Scanning electron Determine the failure mode, and specifically,
microscope determine if fracture initiation was the result of X X
fractography hydrogen embrittiement. Document overload
- fracture mode.
Energy dispersive x- | Determine the composition of any corrodants X
ray spectroscopy (e.g. chlaride).
Optical emission Determine alloy composition. Determine X
spectroscopy conformance to specification.
Tensile testing Determine mechanical properties. Determine X
conformance to specification.

g;:rnp; KTRAEt Characterize the impact toughness at -20 °F, X
Microhardness Identify any carburization or decarburization. X X
testing Determine conformance to specification.
Metallographic Characterize alloy cleanliness and quality.
examination Characterize heat treatment. Identify any

carburization or decarburization. Document X X

intergranular or transgranular crack path.
Characterize zinc and steel cracking at initiation
side and opposite side thread roots.
Scanning electron
Q;:ﬁ;?ﬁ af Document the extent of degradation of the X
threads away from galvanized coating.
fracture
3
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Table 2
Measured Tensile Properties of Two Test Bars removed from Bolt 5 and the
Requirements of ASTM A 354 Grade BD

Sample Ultimate | Original
4 : Yield Yo %

identification S-'t':a":"t?‘ Strength, Elongation | Reduction Dg;g;er

r ksi in 4D of Area (inch)

Measured, 1 153.0 131.3 17.0 545 0,352

Measured, 2 152.5 133.0 17.0 §56.5 0.350

Requirements

of ASTM A : ; . ;

iy E 140.0Min. | 1150Min. | 14 Min. 40 Min. -

BD

Duplicate tensile test bars were removed from an approximate mid-radius section of Bolt 5
The measured tensile properties meet the specified requirements of ASTM A 354 Grade
BD.

Table 3
Measured -20 °F Charpy Impact Energy of Three Test Bars removed from Bolt 5
Sample Identification Size (mm) Ft.-Lbs.
Measured, 1 10 X 10 =6.0
| Measured, 2 10X 10 =10.0
| Measured, 3 10 X 10 =12.0
| Average i =05

Charpy impact testing is not a requirement of ASTM A 354, Testing was performed at the
reguest of the customer. Mo specification or requirement was provided. The low impact
energy values are consistent with the observed brittle overload fracture and the mixed
microstructure of tempered martensite and other transformation products. A more
hardenable material such as Grade 4340, properly heat treated to a similar hardness,
would likely exhibit substantially higher Charpy impact energies.
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Table 2
Measured Alloy Chemistry, Bolt 5 and the Requirements of ASTM A 354 Grade BD
Weight Percent

Element Requirements of ASTM A

Measured, Bolt 5 354 Grade BD
Carbon 0.42 0.35-0.55
Manganese 0.90 0.57 Minimum
Phosphorus 0.015 0.045 Maximum
Sulfur 0.022 0.045 Maximum
Boron 0.0005 0.0005-0.003
Silicon 0.21 -
Chromium 0.94 --=
Nickel 0.10 ==
Molybdenum 0.18 ---
Aluminum 0.01 ---
Copper 0.25 ---
Niobium <0.01 -m
Titanium <0.01 ---
Vanadium 0.008 ===
Iron Balance Balance

The measured alloy chemistry meets the specified requirements of ASTM A 354 Grade
BD. The alloy composition is characteristic of a Grade 4140 or similar alloy steel,
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Figure 1

Sample 5 in the as-received condition. The sample consisted of a previously sectioned
bolt, nut, and washer. The sample had been reassembled and wrapped in clear adhesive
tape to retain the various remnants. The bolt was approximately 4 1/4 inches long by 3
inches in diameter. The fracture surface exhibited superficial rusting, and some non-
uniform accumulation of white deposit suggests that some corrosion of the apparent
galvanized surface had occurred. The washer was deformed well outside of the original
plane and contained multiple fractures and cracks. The scale divisions at the bottom of the
photograph are 1/16 inch.
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Figure 2

Sample 8 in the as-received condition. The sample consisted of a previously sectioned
bolt, nut, and washer. The sample had been reassembled and wrapped in clear adhesive
tape to retain the various remnants. The bolt was approximately 4 1/4 inches long by 3
inches in diameter. The fracture surface exhibited superficial rusting, and some non-
uniform accumulation of white deposit suggests that some corrosion of the apparent
galvanized surface had occurred. The washer was deformed well cutside of the original
plane and contained multiple fractures and cracks. The geometry, fracture location, and
apparent failure mechanism of Bolts 5 and 8 appeared to be essentially identical based on
visual examination. The scale divisions at the bottom of the photograph are 1/16 inch.
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Figure 3

Sample 5 fracture surface. Ridges and grooves on the fracture point to an apparent
fracture initiation area within the green oval. An abrupt boundary between smooth fracture
at the initiation area and rough fracture over the majority remainder of the fracture
indicates fracture in two stages or steps and likely due to two different fracture
mechanisms. The rough fracture is characteristic of brittle final overload. The large area
of final overload relative to the initiation fracture mode is indicative of a large stress
magnitude. Fracture was oriented transverse to the axis of the bolt. Transverse brittle
fracture is indicative of an axial tensile stress. Fracture was not the result of torsional
overload. The scale divisions at the bottom of the photograph are 1/16 inch.
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Figure 4

Sample 8 fracture surface. Ridges and grooves on the fracture point to an apparent
fracture initiation area within the green oval. An abrupt boundary between smooth fracture
at the initiation area and rough fracture over the majority remainder of the fracture
indicates fracture in two stages or steps and likely due to two different fracture
mechanisms. The rough fracture is characteristic of brittle final overload. The large area
of final overload relative to the initiation fracture mode is indicative of a large stress
magnitude. Fracture was oriented transverse to the axis of the bolt. Transverse brittle
fracture is indicative of an axial tensile stress. Fracture was not the resuit of torsional
overload. The initial fracture closely followed the thread root and the circumference of the
bolt. Preferential fracture along the thread root indicates that the thread root acted as a
substantial stress concentration. The scale divisions at the bottom of the photograph are
1/16 inch.
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Bolt #5, X

Bolt #8, X

Figure 5

Apparent fracture initiation regions of Bolts 5 and 8. Faint ridges point to fracture initiation
at the root of the thread of Bolt 5. Arc shaped features on the fracture surface just below
the thread root may indicate deformation due to thread rolling. The scale divisions at the

bottom of the photograph are 1/16 inch

10
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Figure 6

Washer from Bolt 8 in the as-received condition. Substantial axial deformation and
fracture was apparent on both washers. We understand that the washers were too thin for
the annular space between the bolt and the CIP 4 inch diameter pipe sleeves and that
failure at the specified bolt loads would predictably cause washer failure. The observed
deformation of the washer would predictably result in non-uniform bearing loads against
the face of the mating nut. As a result, a bending load could exist in the bolt. The scale
divisions at the bottom of the photographs are 1/16 inch.

11
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Figure 7

Backscattered and secondary electron images acquired from the fracture surface of Bolt 5.
The location shown is immediately below the thread root, within the crescent shaped band
of smoather fracture near the fracture initiation. This location is likely within deformed
metal due to thread rolling. The parallel cracks in the fracture surface (upper right photo)
are likely the result of cracking along aligned and elongated grain boundaries due to
deformation during thread rolling. The parallel cracks may be a form of intergranular
fracture along these highly deformed grains. Patches of ductile micro-void coalescence or
a transition between ductile and brittle fracture are also apparent. In brief, the fracture
surface immediately below the thread root appears to consist of a mix of ductile
transgranular fracture and brittle intergranular fracture along highly deformed threads.

12
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Figure 8

Mixed backscattered and secondary electron images acquired from the fracture surface of
Bolt 5. The location shown is approximately 1 to 2 mm below the thread root, within the
crescent shaped band of smoother fracture near the fracture initiation. This location is
likely below the heavily deformed material created during thread rolling. Partially
intergranular fracture along more equiaxed prior austenite grain boundaries is apparent.
The fracture surface again appears to consist of a mix of brittle intergranular fracture and
ductile or partially ductile transgranular fracture. Intergranular fracture is one characteristic
of hydrogen embrittlement.
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Figure 9

Secondary electron image acquired from the fracture surface of Bolt 5. The location
shown is approximately 1 to 2 mm below the thread root, within the crescent shaped band
of smoother fracture near the fracture initiation. The location shown is the most
pronounced example of intergranular fracture revealed by an extensive search. The
fracture surface at this location again consists of a mix of brittle intergranular fracture and
more ductile transgranular fracture. Severe hydrogen embrittiement or hardened alloy
steels, likely due to high hydrogen levels or high hardness levels typically exhibits
pronounced intergranular facets and little or no ductile fracture. The mix of both ductile
and brittle intergranular fracture suggests that fracture was due to embrittlement on the
less severe side of a mild embritlement to severe embrittlerment continuum.

14

117



HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

M W DRA RV WNIDE B0 e reeileigy VEGAT TESCAN
SEM MAG, 702 Dwi: S 00
B WAG: X0 L g - G 0 g e Mglalsngal SeTCE

SEW WV 200 KV WD 14 83 mvn SEN W 000 Y WEE: A4 B3 l
S WAD. 150 Der. 36 J Sk MAG: T.50 ka Dwi: 38
EEM AL 150 | g SEM MAG 750 Ed

Figure 10

Secondary electron images acquired from the fracture surface of Bolt 5. The location
shown is at the boundary between smooth fracture initiation and rougher overload fracture.
The fracture surface features consist of micro-void coalescence (MVC). MVC is a ductile,
transgranular fracture mode. Alternate bands of intergranular fracture and MVC can exist
when hydrogen migrates to a crack tip and embrittles a local area at the tip of the crack.
Crack extension due to this local embrittliement can result in crack propagation cutside of
the hydrogen rich zone and into ductile material. The presence of ductile overload argues
against failure due to an inherently brittle material such as would occur with temper
embrittlement. The ductile fracture suggests failure due to a localized or transitory
mechanism such as hydrogen embrittiement.
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Figure 11

Secondary electron images acquired from the fracture surface of Bolt 5. The location
shown is within the rougher overload fracture. Fracture was the result of brittle
transgranular cleavage. Cleavage fracture can result from limited ductility, thick sections,
and severe stress concentrations such as a crack tip. Cleavage is not characteristic of
hydrogen embrittlement. The limited amount or small zone of intergranular fracture again
suggests a "mild" case of embrittiement in the mild to severe embritiement continuum
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Figure 12

Backscattered electron image and energy
dispersive x-ray spectra acquired from
the fracture surface near the fracture
initiation site, Bolt 5. The bolt fracture
had been coated with lacquer when
received by the laboratory, and the
fracture surface was therefore
ultrasonically cleaned in organic solvents
and a mild alkaline cleaner prior to the
analysis. Fracture surface deposits
consisted primarily of iron oxide. Zinc on
the threads is consistent with a
galvanized surface. The alloy
composition is consistent with an alloy
steel such as Grade 4140 or similar,

~ Fracture Deposit
Undeposited Fracture
Thread Flank

Zn
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Figure 13

Secondary electron images acquired from a representative fracture surface on the Bolt 5
washer. The features are consistent with ductile shear fracture. The macroscopic
deformation and shear fracture of the washer indicate that the washer thickness or
strength was simply insufficient to support the clamp loads, and the fracture deformed into
the hole and eventually fractured. Deformation and fracture of the washer could lead to
non-uniform bearing on the nut and off axis loading on the bolt. We understand that the
bolt was stressed to 70% of the minimum ultimate tensile strength during installation. A
superimposed bending load due to washer damage and non-uniform bearing could
increase local stresses within the bolt to near or at the yield strength. Susceptibility to
hydrogen embrittlement increases with increasing tensile stress. Damage to the washer
prior to bolt failure could therefore promote subsequent hydrogen embrittlement fracture of
the boilt.
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Figure 14

Energy dispersive x-ray spectra acquired from the deposited surface of the Bolt 5 washer.
This sample presumably was not exposed to cutting fluids and was coated prior to our
analysis, and the deposit compaosition should be representative of the as-fractured
condition. Deposits consist primarily of zinc corrosion products. Substantial chlorine was
also detected. It is not known if the chlorine exposure occurred prior to crack initiation or if
exposure to chlorine was the result of fracture when the belt dropped out of the joint and
reportedly landed on the floor. Chiorine is a potent corrodant of alloy steels when present
with moisture as the chloride ion, CI'. Corrosion of zinc coated steel can result in hydrogen
generation and subseguent hydrogen embrittlement.
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Figure 15

Backscattered electron and secondary electron images acquired from the fracture surface
of Bolt 8. Fracture consisted of a mix of ductile overload and possible intergranular
fracture along highly deformed grain boundaries at the thread root. A mix of ductile
overload and less frequent intergranular fracture was apparent below the thread root
deformation but still within the smoother crescent shaped zone of fracture initiation. The
features are consistent with a mix of ductile overload and mild hydrogen embritiement.
Transgranular cleavage occurred within the large area of final overload.” Cleavage fracture
is consistent with high tensile stress, a limited ductility material, and a severe stress
concentration at a crack tip. The fracture surface features shown above are essentially
identical to those of Bolt 5, and indicate similar failure modes for the two bolts.
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Figure 16

Bolt 5 microhardness results. Hardness values were converted from the 300 gram scale
per Table 1 of ASTM E 140. For reference, a hardness of 31 to 39 Rockwell C (HRC) is
specified for a 2 1/2 inch diameter or larger fastener per Grade BD of ASTM A 354. The
measured core hardness is at or slightly below the specified range. The moderate
increase in hardness at the thread root is consistent with work hardening due to thread
rolling after completion of the harden and temper heat treatment. At mid height on the
flank of the tooth from Bolt #5 the average hardness was 33 HRC.
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Figure 17

Bolt B microhardness results. Hardness values were converted from the 300 gram scale
per Table 1 of ASTM E 140. For reference, a hardness of 31 to 39 Rockwell C (HRC) is
specified for a 2 1/2 inch diameter or larger fastener per Grade BD of ASTM A 354. The
measured core hardness is at or slightly below the specified range. The moderate
increase in hardness at the thread root is consistent with work hardening due to thread
rolling after completion of the harden and temper heat treatment. At mid height on the
flank of the tooth from Bolt #8 the average hardness was 33 HRC.
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Figure 18

Di?ect Rockwell C hardness data obtained from a radial-longitudinal section and located
three to four thread roots below the fracture. The specified hardness range for an ASTM A
254 Grade BD bolt is shown by the green band. The measured hardness at multiple
locations is below the requirements of the ASTM specification.
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Figure 19

Longitudinal metallographic sections through the thread root adjacent to the fracture of Bolt
5. Cracking was apparent in the thread roots of the four threads adjacent to the fracture.
The approximately 45" angle and wide crack is characteristic of a predominantly ductile
fracture. Contour flow of inclusions along the thread root is indicative of a rolled rather
than cut thread. The heavily deformed microstructure at the thread root indicates that the
threads were rolled after completion of the heat treatment rather than before heat
treatment. The diamond shaped features are Vickers microhardness indentations. 2%
nital etch.
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Figure 20

Longitudinal metallographic sections through the thread root adjacent to the fracture at a
circumferential location roughly opposite (180 to) the apparent fracture initiation site, Bolt
5. No cracking was apparent in the four thread rocts located adjacent to the fracture.
Fracture initiation on one side and propagation to final failure on the opposite side
suggests but does not confirm that a bending load existed in these bolts. The presence of
cracks in the adjacent thread roots on the fracture initiation site and the absence of these
cracks in the thread roots on the opposite side provides further evidence that a bending
load existed. One likely cause of bending is the heavily deformed and cracked washers.
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Fracture Initiation

0.5 Inch below Thread Root
Figure 21

Longitudinal metallographic sections through the fracture initiation site of Bolt 5. Fracture
adjacent to the thread root follows a 45" angle similar to that shown in Figure 19. The
orientation of this portion of the fracture suggests crack initiation due to ductile overload,
The remainder of the fracture is predominantly transverse to the axis and un-branched.
Obvious intergranular fracture was not revealed by the metallographic examination. The
microstructure below the thread root consisted of a mix of martensite and other
transformation products, likely including fine pearlite, acicular, plate, or lath shaped ferrite,
and possibly bainite. The mixed microstructure indicates incomplete transformation during
hardening and is consistent with the use of a lean alloy for this large diameter. The mixed
microstructure would predictably result in low hardness and low impact toughness relative
to a fully tempered martensite microstructure. 2% nital etch

26

129



HOOD CANAL FLOATING BRIDGE - High Strength Anchor Bolts

002500

Figure 22

Lengitudinal metallographic sections
through Bolt 5 at a mid-radius location.
The non-metallic inclusion content
appeared normal for a commercial quality
steel. The metallographic examination
revealed a mixed microstructure of
longitudinal bands of martensite and other
transformation products. The
microstructure is consistent with a
hardened and tempered 4140 alloy steel
in this diameter. A higher alloy steel such
as 4340 would exhibit improved
hardenability, more complete
transformation to martensite, and likely
better impact toughness at the same
hardness level. As-polished (top) and 2%
nital etch (bottom).
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Backscattered electron images acquired from the threads of Bolt 5 after ultrasonic cleaning
in an alkaline cleaner and an inhibited acid. The typical columnar crystal structure of a
galvanized coating is readily apparent. The clear crystal structure suggests that the
galvanized surface was etched due to exposure to a corrodant. Some of this corrosion
may have occurred during cleaning to remove corrosion products, as both the alkaline and
acid cleaning solutions are corrosive to zinc. However, substantial zinc appears to remain,
indicating that the galvanized surface was not substantially degraded by mechanical
damage during threading or by corrosion,
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Figure 24

Backscattered electron image and x-ray maps for zinc, oxygen, and iron from threads on
Bolt 5. Zinc was present on the thread flanks but not the thread tips. Iron was present at
the thread tips. Oxygen appeared to be largely confined to corrosion product accumulation
in the thread roots. The results suggest that the galvanized coating was removed from the
thread tips, possibly due to contact with the thread roots of the nut. The zinc distribution
on the thread flanks appeared to be fairly uniform, suggesting minimal mechanical damage
to or corrosion of the galvanized layer on the thread flanks
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Appendix G
Lisin Metallurgical Services Failure Analysis - Report 2
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January 31, 2014 @%

Bainbridge Structures Group

Attn: Robert Shulock, PE LISIN

’ i METALLURGICAL
13908 Sunrise Dr. NE

Bainbridge Island, WA 98110 SERVICES
E-mail: rshulock@BainbridgeStructures.com

Subject: Additional Analysis of Two Failed ASTM A 354 Grade BD 3 Inch Diameter
Galvanized Steel Bolts
Lisin Metallurgical Services Job No. 524-13-002

Dear Bob,

Remnants of two fractured bolts removed from the Hood Canal Bridge (HCB) were
submitted for additional Charpy impact testing, hardness measurement, and
microstructural analysis. In addition, we were asked to review post fracture test results for
the recent Townsend test samples (Townsend Test Post Fracture Analysis, December 31,
2013, htips.//sasbridge sharefile.com/d/s4efdif35a524b089) and test results from the
fractured Bay Bridge anchor rods (Metallurgical Analysis of Broken Bay Bridge Anchor
Rods S1-G1 & S2-A6, Project #04-0120F4, May 7, 2013,
http://www.dot.ca.gov/baybridge/a354report/H13 E2 Shear Key Rod Failure Fracture
Analysis Report pdf ). The additional HCB bolt test results and results from the original
HCB bolt analysis (Lisin Metallurgical Services Report No. 524-13-001) are compared to
the Bay Bridge fractured bolts and the Townsend test bolts below.

Charpy Impact Energy: Charpy impact data obtained from the HCB bolt remnants at
+20 and +40 °F appear in Tables 1 and 2. Charpy samples were machined from locations
near the OD surface and from mid-radius locations. Note that the number of samples was
limited by the small amount of available material, and complete sets of three samples per
variant were not available. In fact, some variants could not be tested because of the limited
amount of material available.

Charpy impact energy values from the HCB bolts ranged from 14 to 17 ftlbs at +20
°F,and 10.5 to 18 ftlbs at +40 °F. Consistent variation as a function of test bar location is
not apparent in the data. However, the limited amount of data makes such a comparison
difficult. Values at 40 °F were not significantly higher than impact energy values at 20 °F.
The results suggest that the ductile to brittle transition temperature is above 40 °F for both
samples and at both near surface and mid-radius locations. No acceptance criteria were
provided. For comparison, one often cited criterion is a minimum impact energy of 15 ftlbs
at the lowest temperature of service. Our general understanding of the service duty
suggests that these test results may not meet these criteria. The measured Charpy values
from these HCB bolts are well below the 27 to 40 ft.Ib values measured on the post
fracture Townsend test samples but are slightly higher than the 13 to 14 ftlb values
measured on the fractured Bay Bridge anchor rods

Specializing In Failure Analysis
2335 SE Harrison, Milwaukie, Oregon 97222 Ph. (503) 657-0557 Fax (503) 657-6207 Mark@lisinmet.com
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Hardness: Hardness data also appearin Tables 1 and 2. Hardness values were
measured directly on the fractured Charpy samples, at locations away from the fracture or
the anvil indentations. We would not expect work hardening in these samples at the
hardness test locations due to testing, and we would not expect hardening due to the 20 °F
or 40 °F test temperature. Hardness values ranged from 30 to 33 Rockwell C. The values
are in fair agreement to the values measured on the actual bolts (27 to 33 HRC). For
comparison, the HCEB hardness values are substantially lower than the near surface
hardness values on the Townsend test samples and the fractured Bay Bridge bolts, and
slightly below the ASTM A 354 Grade BD requirements of 31 to 39 HRC.

Microstructure: The microstructures at both near surface and mid-radius locations of
the HCB bolts consisted of a mixture of tempered mariensite and other transformation
products. Definitive identification of the other transformation products (bainite, pearlite,
ferrite) was beyond the scope of this project. However, the cause of and result of the
mixed microstructure are well documentad. The alloy (4140 is a limited hardenability
material and would not be expected to fully transform to martensite in this large diameter.
In general, mixed microstructure steels exhibit lower fracture toughness relative to fully
martensitic microstructures at the same hardness. The microstructure of each Charpy
sample was evaluated. Photomicrographs of only representative samples are included in
the attached figures.

The Townsend test samples were reported to exhibit microstructures of
predominantly martensite. Our examination of these photomicrographs indicated a mixed
martensitic / non-martensitic microstructure, but a substantially greater fraction of
martensite relative to the HCB samples. This greater amount of martensite likely explains

the higher Charpy impact toughness. The Bay Bridge samples exhibited a banded
microstructure of martensite and non-martensitic transformation products similar in

appearance to the HCB samples.

Tensile Properties: Tensile properties of the HCB bolts are compared to the Bay Bridge
bolts below. The Townsend test bolts were not tensile tested.

Sample Ultimate -
Identification Tensile Yield % %
Strength, Elongation Reduction
Strength, < .

ksi ksi in 4D of Area
HCB Baolts 153 131 to 133 17 55
Townsend
Test Bolts Mot performed
ggﬁsﬁ"dge 15910170 | 13610149 | 141015 46 10 48
Requirements
of ASTM A . » . . .
354 Grade 140.0 Min. 115.0 Min. 14 Min. 40 Min.
BD
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The tensile and yield strengths of the HCB bolts are slightly lower than those of the Bay
bridge bolts, and the ductilities of the HCB bolts are slightly higher that that of the Bay
Bridge bolts. Based on hardness and metallographic examination results, we would
expect a similar trend of higher strength but lower ductility for the Townsend test bolis
relative to the HCB bolts.

Alloy Chemistries: The alloy chemistries of the HCB, Bay Bridge, and Townsend test
bolts are very similar and consistent with a 4140 alloy steel. Differences in the reported
chemistries could be due to analytical variation among the various labs, and the various
bolts could be manufactured from the same heat of steel.

Optical Fractography: Both fractured Bay Bridge anchor rods and the Townsend test
bolts exhibited a "C" shaped area of progressive hydrogen related cracking followed by a
larger area of final overload fracture. Fracture initiation appeared to be distributed over a
broad arc of circumference (e.g. 8:00 to 4:00) and is consistent with uniform loading
around the circumference due to axial loading. In contrast, the HCB bolts exhibited a
similar arc shaped initiation but over a more localized area (less circumferential arc of
fracture initiation). The more local fracture initiation of the HCB bolts is consistent with a
combined axial tension and bending load.

SEM Fractography: Intergranular fracture was apparent within the fracture initiation
sites in each of the three cases (Bay Bridge, Townsend test, and HCB bolts). Intergranular
fracture is indicative of hydrogen embrittlement. Equiaxed intergranular fracture was
highly pronounced in the Bay Bridge fractures but less pronounced in the Townsend test
and the HCB bolt fractures. We interpret this result as evidence of varying degrees of
hydrogen embrittlement. In all cases, a large area of final overload relative to the area of
fracture initiation/propagation is indicative of a high stress magnitude.

Arc shaped fracture surface features were apparent near the thread roots of the
Townsend test bolts and the HCB bolts. These features were not pictured in the Bay
Bridge report and may or may not have existed. The arc shaped features appear to be the
result of grain deformation at the surface. Deformation can result from thread rolling and
thread cutting. Deformed grains extended to a depth of approximately 0.001 to 0.002 inch
in the Townsend test samples, and approximately 0.04 to 0.06 inch in the HCB bolts. The
results are consistent with cut threads (Townsend) and rolled threads (HCB).

Thread Manufacture: Thread manufacture (cutting vs. rolling) can be revealed by
examination of a longitudinal metallographic section through the threads. Contour flow of
microstructural features such as non-metallic inclusions along the thread root is generally
indicative of rolled threads. Rolled threads were apparent on the HCB bolts. The report
on the Townsend test bolts reported cut threads. The above is consistent with the depths
of the arc shaped features on the fracture surfaces. Thread manufacture is not specifically
addressed in the Bay Bridge report. However, significant surface deformation was not
indicated by the SEM fractography results.

The method of thread manufacture is not trivial relative to the observed failures.
Cut threads can create a different stress concentration than rolled threads. Rolled threads
result in residual stresses that likely differ from cut threads. Work hardening due to thread
3
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rolling can result in hardness differences between cut and rolled threads in the same
material. These differences occur in the more highly stressed surface material when off
axis loading is present and in higher hydrogen concentrations where hydrogen is
intfroduced at surfaces. For these reasons, differences in performance could be
anticipated between the HCB bolts and the Townsend test bolis.

In summary, the failure modes and metallurgy of the Townsend test, HCE, and
fractured Bay Bridge bolts are similar. Some differences in mechanical properties were
revealed by the testing. One significant difference among the samples is the method of
thread manufacture.

Summary tables of the additional HCB test results appear below, followed by
representative microstructures exhibited by the Charpy samples. Thank you for working
with Lisin Metallurgical Services on this interesting project. Please feel free to contact us
with any comments or questions about these results.

Sincerely,

f /.
.' .l' ..'r . #'I. /f "
W wd lidin
Mark A. Lisin, P.E.
Lisin Metallurgical Services
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Table 1
HCB Bolt 5 Summary of Results
. Charpy Values Hardness, :
Location +20 °F +40 °F HRC Microstructure
14.0 10.5 33, 32 Banded microstructure consisting
Surface of tempered martensite and other
14.0 31 transformation products.
) . Mat'l Not | Mat'l Not
Mid-Radius Avail. | Avail - -
Table 2
HCB Bolt 8 Summary of Results
. Charpy Values Hardness, .
Location +20 °F +40 °F HRC Microstructure
14.0 16.0 30, 32
Banded microstructure consisting
Surface 14.5 16.0 30, 31 of tempered martensite and other
transformation products.
15.0 18.0 3, 32
Banded microstructure consisting
Mid-Radius 17.0 15.0 32,32 of tempered martensite and other
transformation products.
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0.002 in

Figure 1

Longitudinal metallographic section through a Bolt 5 near surface Charpy sample. The
microstructure consists of alternate longitudinal bands of martensite (darker etching) and
other transformation products (ferrite, bainite, lighter etching). The microstructure is
characteristic of a hardened and tempered limited hardenability alloy steel such as Grade
4140 in a thick section. The microstructure would predictably exhibit lower impact and
fracture toughness relative to a fully martensitic structure at the same hardness. A higher
hardenability alloy such as 4340 would likely provide a more uniform tempered martensite
structure in this section thickness. The +20 °F sample is shown. Each of the three Bolt 5
surface samples exhibited a similar microstructure. 2% nital etch.
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0.010in

0:902.in

Figure 2

Longitudinal metallographic section through a Bolt 8 near surface Charpy sample. The
microstructure consists of alternate longitudinal bands of martensite (darker etching) and
other transformation products (ferrite, bainite, lighter etching). The microstructure is
characteristic of a hardened and tempered limited hardenability alloy steel such as Grade
4140 in a thick section. The microstructure would predictably exhibit lower impact and
fracture toughness relative to a fully martensitic structure at the same hardness. A higher
hardenability alloy such as 4340 would likely provide a more uniform tempered martensite
structure in this section thickness. The 14 ftlb, +20 °F sample is shown. Each of the six
Bolt 8 surface samples exhibited a similar microstructure. 2% nital etch.
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0.010in

0.002 in.

Figure 3
Longitudinal metallographic section through a Bolt 8 mid-radius Charpy sample. The

microstructure consists of alternate longitudinal bands of martensite (darker etching) and
other transformation products (ferrite, bainite, lighter etching). The microstructure is
characteristic of a hardened and tempered limited hardenability alloy steel such as Grade
4140 in a thick section. Significant differences in the near surface and mid-radius
microstructures were not revealed by the examination. The 17 ftlb, +20 °F sample is
shown. Both of the Bolt 8 surface samples exhibited a similar microstructure. 2% nital

etch.
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'35 HRG

“l

Bolt &5 Surface

Figure 4

Vickers 300 gram microhardness indentations placed in a longitudinal metallographic
section through a Bolt 5 near surface Charpy sample. The measured hardness ranged
from 33 to 37 HRC within the martensitic band to 27 to 28 HRC within the lighter etching
band of non-martensitic transformation products. Longitudinal banding is the result of alloy
segregation during solidification. Alloy rich and alloy lean regions become elongated
during rolling and result in alternating layers of high and low hardenability. Such banding is
normal in commercial guality product. Non-martensitic transformation products are in
general less tough than martensite at the same hardness, and the mixed microstructure
likely degrades impact toughness relative to a more uniform martensitic microstructure. A
higher hardenability alloy such as Grade 4340 alloy steel would likely also exhibit
longitudinal banding. However, even the alloy lean areas would be more hardenable, and
a more uniform martensitic structure would likely result. 2% nital etch.
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Appendix H

Jeff Gorman, Dominion Engineering Inc. - Review of the Use of
Cold Rolled Threads for Anchor Rods on the San Francisco
Oakland Bay Bridge (SFOBB)
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e,

Dominion Engineering, Inc. =

=

MEMO DRAFT

No.: M-8312-01-11, Rev. O draft 01

To: 8312-01 Project File

From: Jeff Gorman, Dominion Engineering, Inc.
Date: January 13, 2014

Subject:  Review of the Use of Cold Rolled Threads for Anchor Rods on the San Francisco Oakland Bay
Bridge (SFOBB)

1 Objective

The objective of this memo is to review the use of cold rolled threads for some of the anchor rods used on the
Self Anchored Suspension (SAS) bridge section of the San Francisco Oakland Bay Bridge (SFOBB). In this
regard, questions regarding the use of cold rolled threads have been raised in several reports by Y. Chung and L.
K. Thomas [1], [2], and [3]. These reports reviewed information in a report by the Toll Bridge Program
Oversight Committee (TBPOC), Reference [4].

2 Background

Thirty two of 96 of the first set of anchors rods installed in the SAS section of the SFOBB failed in March 2013
within about two weeks after being tensioned. This set of rods, known as the S1/S2 shear key anchor rods and
identified as ID 1 on Figure 28 of the TBPOC report, had been installed in 2008 but had not been tensioned

until March 2013. The long period between installation and tensioning was the result of the construction
sequence of the structures that required the rods to be installed before other interfering parts were erected.
During the 2008-2013 period the S1/S2 rods were in empty ducts that sometimes collected water that was
periodically removed.

The S1/S2 anchor rods that failed are three inch diameterrods with cut threads made to ASTM A354 Grade BD
requirements. The rods had been hotdip galvanized. The TBPOCreportdiscusses the possible causes of the failures of

the S1/S2 rods and describesthe program thatis underway to ensure that similar problems will not affect the other 16
sets of anchorrods that are used onthe SAS section of the SFOBB.
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Of the 17 sets of anchor rods used on the SAS portion of the SFOBB, there are three sets that have rolled
threads for some or all of the rods. These are (1) set 7, the parallel wire strand (PWS) anchor rods of which 229
have rolled threads and 55 have cut threads, (2) set 8, the tower top saddle tie rods, all 25 of which have rolled
threads, and (3) set 16, the east cable strong back rods, all 24 of which have rolled threads. As noted in the
TBPOC report, the use of rolled threads results in smoother profiles but increased hardness which could affect
susceptibility to HE/SCC. The TBPOC report indicates that the effects of cold rolling on resistance to hydrogen
embrittlement (HE) and stress corrosion cracking (SCC) will be explored in the planned test program.

A failure analysis was performed of two of the S1/S2 rods, as documented in Reference [5]. The main
conclusions of Reference [5] were that the failures were the result of HE and could have been the result of either
internal hydrogen embrittlement (IHI) or external hydrogen embrittlement/stress corrosion cracking
(EHE/SCC). As noted in the TBPOC report, both possibilities are being evaluated in the test program and will
be addressed in the remedial action program that is to be finalized after the test program is completed.

3 Review of Possible Risks Posed by Cold Rolled Threads

3.1 Issues Raised in Chung-Thomas Reports

The Chung-Thomas reports state that the use of threads formed by cold rolling raises risks of increased

susceptibility to hydrogen embrittlement induced cracking as compared to use of cut threads. They base this

conclusion on the expected high surface hardness of the material in the rolled area, which is expected to

decrease the threshold stress intensity factor (Ks) of the hardened material to a low level. To address this

situation, the Chung-Thomas reports state that:

1. A Ksc-hardness curve based on tests of material from new 2013 anchor rods should not be used since it
would not reflect the effects of rolling. Rather, a separate Ksc-hardness curve needs to be developed for
the rolled rods using 20 full size anchor rods as test specimens. In this regard, use of small size test

specimens as planned per Test V (Raymond tests) is not acceptable since it will not properly account for
the effects of the local surface hardening induced by cold rolling.

2. For cases where dehumidification is used as a remedial measure, the spaces need to be air tight, the
relative humidity needs to be controlled to a specified value, and the relativity humidity needs to be
monitored
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3.2 Discussion

3.2.1 Effect of Rolled Threads on Fatigue and SCC

An initial search has been made of the technical literature to determine where rolled threads are used and if
there are any reports of the use of rolled threads having caused, or been associated with, HE/SCC. This
included a review of standard handbooks that address design and application of bolting, as well as other
technical documents (References [7, 8,9, 10, 11, 12]). This review indicates that rolled threads have been
widely and successfully used for bolting in high stress, high fatigue applications, e.g., for military aircraft
landing gear. This is a result of the superior fatigue performance of the rolled threads and is attributed to the
high compressive stresses developed at the root of the thread by the rolling process, and the smoother surface
produced by rolling as opposed to machine cutting. No reports of problems caused by use of rolled threads
were found, with one possible exception, as discussed later.

The factors that make rolled threads perform better in high fatigue duty applications, i.e., high residual
compressive stresses and smooth surfaces, also increase resistance to stress corrosion cracking (SCC), as
indicated by the tests documented in References [12, 13, 14]. It is expected that this also applies to SCC
associated with hydrogen embrittlement (HE). This is because it is the presence of high tensile stresses at the
roots of threads that is believed to result in the accumulation of hydrogen in that region and to lead to
decohesion and cracking. The compressive stresses induced by rolling are expected to strongly decrease this
tendency.

BAMC found that anchor rods with sizes and loads similar to those on the SAS have been used successfully for
many years in the Hood River Floating Bridge (HCFB) [15]. Many of the highly loaded anchor rods in the
newer replacement East section of the HCFB are known to have rolled threads, and have performed
satisfactorily for over four years [15] (whether the similarly loaded rods in the older West half of the bridge,
which has operated satisfactorily for over 30 years, have rolled threads is not known). As noted in Reference
[15], some of the three inch diameter rods with rolled threads failed in 2009 in the shipyard within one to two
weeks after being tensioned, before the new East section of the bridge was put into service. These failures were
determined to be caused by hydrogen embrittiement as the result of high bending stresses and strains caused by
the use of undersized washers. Operation of the rods with rolled threads has been without failures once this
initial design problem was corrected by use of appropriately sized washers.
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As noted earlier, there are many reports regarding the use of rolled threads to improve fatigue lives and
resistance to SCC in many material-environment systems. A review of the technical literature found only one
report of SCC occurring in bolts with rolled threads. This case involved peened and rolled precipitation
hardened austenitic stainless steel Alloy A-286 bolts that experienced SCC during an in-reactor test with

applied general shank stresses of 108% of the yield strength [16]. It was concluded that applying stresses above
the proportional limit of the material could lead to development of tensile stresses in the cold worked layer and
lead to SCC.

The tests to be performed per Test IV of full size anchor rods and per Test V of samples with rolled threads are
expected to determine whether the rolling reduces the resistance of the rods to HE and SCC. Both types of tests
will subject the rolled threads to high applied stresses in a sodium chloride solution to determine the stress at
which HE/SCC occurs. The results of these tests are expected to provide a firm basis for determining the
acceptability of the anchor rods with rolled threads.

The Chung-Thomas reports state that a new Kjs.c — hardness curve needs to be developed for the rolled threads.
In this regard, the rolled areas are expected to have high hardness and therefore low K values. This is also
the case for the many material-environment systems where rolled threads have been used, but has not caused
problems. This is attributed to the high compressive residual stresses in the rolled area, which keeps the applied
K at values below the material’s K, such that no crack growth occurs. It is considered that tests to measure
the low Ksc of the hardened material at the root of the thread are unnecessary since it is clear that Ksc will be
low and since, more importantly, the low Ks of the rolled material does not lead to occurrence of SCC because
of the high compressive residual stresses in the rolled area.

3.2.2 Concerns Based on Effects of Hydrogen Sulfide

In Reference [3], the Chung-Thomas report notes that cracking of steels in hydrogen sulfide environments
is aggressive and is attributed to HE, i.e., to the same mode of cracking that could possibly affect anchor
rods on the SAS. They further note that NACE requires cold rolled threads used in hydrogen sulfide
environments to meet the hardness limits of the bolt specification. This indicates that, for hydrogen
sulfide service, cold rolled threads might need to be heat treated after rolling to reduce the high surface
hardness induced by rolling. This requirement seems to be in contradiction to the published literature
cited previously which indicates that cold rolling increases resistance to both fatigue and SCC.
Nevertheless, to more fully explore this situation, and to ensure that HE is not aggravated by use of cold
rolled threads, a literature search on this subject has been initiated. Completion of this search is not
expected until about January 20. However, the abstract of one relevant document has already been
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located, Reference [17]. The abstract of this paper indicates that cold rolled threads increased the fatigue
endurance limit of steel bolts in a hydrogen sulfide contaminated salt water environment by over a factor of two
as compared to cut threads, which indicates that resistance to HE was not reduced by use of cold rolling, even in
an aggressive hydrogen sulfide environment. The full document will be obtained and reviewed, together with
any other relevant documents identified in the on-going literature search.

3.2.3 Effects of Hot Dip Galvanizing on Cold Rod Threads

Chung-Thomas note in Reference [3] that the high temperatures involved in hot dip galvanizing, which is
typically performed at about 850°F, are expected to reduce the compressive stresses induced by cold rolling and
that this could adversely affect resistance to HE/SCC. Reference [3] further notes that there seems to be no
published literature regarding the SCC/HE performance of steels with cold rolled threads that were hot tip
galvanized, and recommends that tests be performed to investigate this concern.

The literature searches performed thus far have not located any published literature that discusses tests or
service experience with hot dip galvanized cold rolled threads. However, as discussed in Reference [15],
anchor rods of similar sizes and loads in the east half of the Hood Canal Floating Bridge (HCFB) have cold
rolled threads and have operated for over four years without problems. (There were failures of the rods in the
shipyard before the new section was put into service due high bending stresses at the bottom of the rod caused
by use of too thin a washer. However, this was corrected before the new section of the bridge was put into
service.) The service environment for the HCFB rods is quite severe in terms of both wetting by seawater and
by high loads during storms. It should be noted that good corrosion protection measures have been applied,
such as use of grease in areas where rods are embedded in concrete, and use of a three coat paint system for
areas exposed to the weather. The experience at the HCFB indicates that hot dip galvanized rods with cold
rolled threads are resistant to HE/SCC as long as they are adequately protected against corrosion.

3.2.4 Dehumidification

The PWS anchor rods and several other sets of anchor rods are installed in spaces that are already or soon will
be dehumidified. It is understood that these spaces are sealed by air tight doors, that the relative humidity in
these spaces is controlled to about 40%, and that the relative humidity is continuously monitored.

4  Preliminary Conclusions Related to Rolled Threads

Based on information gathered to date it is preliminarily concluded that rolled threads are expected to increase,
rather than decrease, the resistance to HE/SCC of the anchor rods on the SAS. While the hardened material at
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the root of the thread will have a low K, this is not important since the high compressive residual stresses at
the root of the threads prevent crack initiation or propagation in this area. It is considered that there is no need
to measure the Ksc Of the hardened material at the root of the thread since it can be estimated based on its
hardness. In addition, an accurate value of K is not needed since the compressive stresses in the rolled areas
prevent crack initiation and growth.

The above conclusions are considered to be preliminary since an additional search of the literature is underway
to better understand the behavior of rolled threads in hydrogen sulfide environments.

The dehumidification systems installed on the SAS meet the requirements suggested in the Chung-Thomas
reports and are expected to minimize risks of HE/SCC of the anchor rods installed in the dehumidified spaces.
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Appendix |
Summary History — Placement of A354 Anchor Bolts
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Hood Canal Bridge - East Span Replacement

Summary History - ASTM A354 Anchor Bolts

RIS 2/21/14

Date Activity Comment Reference
(3" and 4") A354 boltsshipped
6/9/2005 | from Dyson to Thompson Metal Bolts shipped galvanized and with rolled threads
Fab, Ref MTRs
Finish- Float-outand delivery to . .
. Assembly and outfitting of draw spans accomplished at .
7/16/2007 | Todd Shipyards of all Draw Span Todd Shipyardsin Seattle , WA REF HCB Post-Construction Report
Pontoons
6/1/2007 | Start - Draw Span assembly REF HCB Post-Construction Report
10/10/2007 | Start - Draw Span outfitting REF HCB Post-Construction Report
A354 bolts shipped from
2/26/2008 | Thompson Metal Fab to Kiewit - Ref COCs
General
Lift Span deliveredto Todd
6/1/2008 Shipyards Ref HCB Monthly Report JUNOS
. . Bolts were installed priorto erection of lift span. No
8/13/2008 Lift Spanand boltsinstalled w/ coveris seenonboltsand one bolt shownhasno nutat | Refconstruction photos
one boltw/otop nut
the top.
Thread failure when tightening . .
10/22/2008 4in bolt (7th - 4in bolt tightened) Two new 4in bolts ordered from Dyson Ref WSDOT emails correspondence.
2/2/2009 x\ftSOT ordersnew ungalvanized Ref WSDOT Material Order Approval
. - Assumed beginningto allow testing of draw span. Most .
3/12/2009 | Begin - Bolt tensioning of new washer/nuts received by March 11, 2009. Ref MTR's
3/13/2009 | Liftand Draw Span Tests 20 consecutive draw span open/closeoperationswere | p ¢ vg vonshiv Report MAROS
successfully performed.
3/30/2009 | Draw Spanconditional REF HCB Post-Construction Report
acceptance
Anecdotal finish asreported by WSDOT engineerwas 1
4/17/2009 | Finish-BoltTensioning to 2wks priorto fracture. Last of nuts rec'd April 7, Ref WSDOT email correspondence & MTR's
2009
3 inBolt5W - Found fractured One boltfound fractured dat tain. two bolt
3 inBolt8W - Fractured 2 hrs ne botttoundfracture . a.e uncertain, two botts Ref WSDOT construction documents, email
4/24/2009 . fracture Apr24. Photosindicate that bolts were not .
later 3inBolt 8E reased nor painted correspondence &site photos.
- Fractured after 8W g P '
Three mpre 3'|nboltsfractur'e Photosindicate that bolts were not greased nor Ref WSDOT construction documents, email
4/30/2009 | Other six- 3 inboltsdetermined ainted correspondence & site photos
failed by plasticdeformation P ' P P '
5/18/2009 | Draw spanfloat-in Ref NewspaperArticle
6/3/2009 | Bridge Opened fortraffic Ref HCB Monthly Report May-JUNO9
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