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The Toll Bridge Program Oversight Committee (TBPOC) — composed of the executive direc-
tors of the California Transportation Commission, Caltrans, and the Bay Area Toll Authority
— is charged with project oversight and control of the Bay Area’s Toll Bridge Seismic Retrofit
Program, which includes the new East Span of the San Francisco-Oakland Bay Bridge. As part
of this charge, the TBPOC is investigating and resolving the challenge of the fractured A354
grade BD high-strength steel rods installed on the Self-Anchored Suspension (SAS) Bridge

of the new East Span. When 32 of the 96 A354 grade BD high-strength anchor rods on shear
keys S1 and S2 on Pier E2 failed in March 2013 after being tightened to their specified ten-
sion levels, the TBPOC launched an investigation into why these rods failed and whether the
2,210 other rods on the SAS Bridge also are at risk. The TBPOC directed its staff to investi-
gate and report on what led to the failure of the 32 rods, what course of action is needed to
address all the rods, and what implications the analysis, findings and recommendations from
the investigation have on the TBPOC’s determination of the timing for opening the new East
Span to traffic.

As part of the investigative process, the TBPOC has gathered and analyzed available project
records pertaining to the design, specifications, fabrication and construction activities related
to the A354 grade BD rods on the SAS Bridge, and synthesized the technical analysis into this
report. Specifically, the TBPOC did the following:

e Conducted four workshops on April 17, May 1, May 15, and June 25, 2013;

e Met over 25 times in person or by phone;

e Consulted with industry experts, the Seismic Peer Review Panel, and the Federal High-
way Administration Review Panel;

e Reviewed over 50 documents and over 5,000 pages of material;

e Briefed the Bay Area Toll Authority (BATA) and the BATA Oversight Committee on
March 27, April 10, April 24, May 8, and May 29, 2013;
e Presented and responded to questions during the California Senate Transportation and

Housing Committee hearing on May 14, 2013; and

e Briefed members of the Bay Area State Legislative Delegation on June 6, 2013.

Three Investigation Questions

The TBPOC prepared this report in order to determine whether the issues pertaining to the
A354 grade BD rods on the SAS Bridge have been satisfactorily addressed and, more impor-
tantly, to enable us to reach an informed decision on when the new East Span can open to traf-
fic. The three key questions for this investigative report are:

1. Whatled to the failure of the A354 grade BD high-strength steel rods on shear keys S1
and S2, which were manufactured in 2008, on Pier E2 of the SAS Bridge?;

Report on the A354 Grade BD High-Strength Steel Rods on the New East Span ES-1
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2. What retrofit strategy should be used to replace the lost clamping force of the rods?;
and

3. What should be done about the other 2,210 A354 grade BD high-strength rods used
elsewhere on the SAS Bridge?

A354 Grade BD Rods on the SAS Bridge

The SAS Bridge of the new East Span contains a total of 17 different types of A354 grade BD
rods at seven different locations, for a total of 2,306 rods. Table ES-1 summarizes the location,
description and quantity of rods used for each of the 17 rod types, and Figure ES-1 shows the
locations where these rods are used on the SAS Bridge.

Of the total 2,306 rods, 288 3-inch diameter A354 grade BD high-strength steel rods are lo-
cated in Pier E2 (48 rods at each of the four shear keys and 24 rods at each of the four bearings
- see Items #1 and #2 in Table ES-1). These 288 high-strength steel rods connect the shear
keys and bearings to the top of the E2 pier cap. In addition, there are 544 rods connecting the
shear keys and bearings to the orthotropic box girders (OBG’s) above them — see Items #3
and #4 in Table ES-1. As noted in Table ES-1, these rods are at the highest tension levels on the
SAS Bridge.

Table ES-1 A354 Grade BD Rods on the SAS Bridge

Tension
Quantity Diameter Length (fraction of
Location Component Installed (in) (ft) Fu*)
1 Shear Key Anchor Rods (2008) 96 3 10-17 0.7
2 Bearing & Shear Key Anchor Rods 192 3 22-23 0.7
3 Shear Key Rods (top) 320 3 2-4.5 0.7
4 | TopofPierE2 | Bearing Rods (top) 224 2 4 0.7
5 Bearing Assembly 96 1 2.5 0.6
6 Bearing Retainer Ring Plate 336 1 0.2 04
Assembly
7 Anchorage Parallel Wire Strand (PWS) Anchor 274 35 28-32 03
Rods
8 Saddle Tie Rods 25 4 6-18 0.7
Saddle Turned Rods 108 3 1.5-2 0.5
———— Top of Tower
10 Saddle Grillage 920 3 1 0.1
n Outrigger Boom 4 3 2 0.1
12 Bottom of Tower Anchor Rods (Type 1) 388 3 26 0.5
13 | Tower Tower Anchor Rods (Type 2) 36 4 26 0.4
14 East Saddle Anchor Rods 32 2 3 0.1
—— East Saddles
15 East Saddle Tie Rods 18 3 5 0.2
16 East Cable Cable Band Anchor Rods 24 3 10-11 0.2
17 Top of Pier W2 | Bikepath Anchor Rods 43 1.2 1.5 TBD**
TOTAL QUANTITY 2,306

*Fu = Design-specified minimum ultimate tensile strength. Numbers rounded to the nearest tenth.
**Details for bike path support frame being redesigned to improve consistency with other design features of SAS.
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Figure ES-1 A354 grade BD rod locations on the SAS Bridge
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Question 1: What Led to the Failure of the A354 Grade BD
Steel Rods on Shear Keys $1 and S2 at Pier E2?

Ninety-six (96) high-strength steel rods are installed on the lower housing of shear keys S1
and S2 (Item #1 in Table ES-1) at Pier E2. These rods were fabricated by Dyson Corporation
in Ohio between June 4, 2008 and September 6, 2008 and installed by American Bridge/Fluor
Joint Venture, the bridge contractor for the SAS Bridge, in October 2008. Figure ES-2 illus-
trates Pier E2 and the location of the shear keys, bearings, and their high-strength steel rods.
Figure ES-3 shows the location of the fractured rods.

Figure ES-2 Bearings (B1-B4) and Shear Keys (S1-S4) in Pier E2
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Figure ES-3: Location of Failed A354 Grade BD Anchor Rods

Location
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Breaks

On March 1, 2013, following load transfer of the weight of the OBG roadway decks from the
temporary falsework onto the main cable, American Bridge/Fluor Joint Venture tensioned the
anchor rods at shear key S2. Between March 2 and March 5, 2013, American Bridge/Fluor
Joint Venture tensioned the anchor rods at shear key S1. In accordance with contract plans and
submittals, the rods were initially jacked to 0.75 Fu (i.e., 75 percent of their specified minimum
ultimate tensile strength). Due to seating losses as the load is transferred from the hydraulic
jack to the nut, the load then settled to its final design load of 0.68 Fu.

Between March 8, 2013 and March 14, 2013, 32 out of the 96 rods were discovered to have
fractured. By March 14, 2013, Caltrans decided to lower the tension of the remaining unbro-
ken rods from the 0.68 Fu to 0.45 Fu to avoid further fractures and to allow for investigation of
the cause of the failures. The tension level was reduced on all unbroken rods. If the tension had
not been reduced, it is possible that more of these 2008 high-strength steel rods at shear keys
S1 and S2 would have fractured.

A metallurgical investigative team, composed of a consultant to American Bridge/Fluor Joint
Venture (Salim Brahimi), a Caltrans metallurgist (Rosme Aguilar), and a consultant to Caltrans
who is also principal/founder of Christensen Materials Engineering (Conrad Christensen), was
tasked with examining the cause of the failures of the 2008 high-strength steel rods (Item #1
in Table ES-1).

Based on its examination of two of the extracted high-strength steel rods, the metallurgical
investigation team on April 23, 2013, found that the rods failed due to hydrogen embrittle-
ment, which is the process by which metals become brittle and fracture following exposure to
hydrogen. The team concluded the following:
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The anchor rods failed as a result of hydrogen embrittlement (HE), resulting from the
applied tensile load and from hydrogen that was already present and available in the
rod material as they were tensioned. The root cause of the failures is attributed to
higher than normal susceptibility of the steel to hydrogen embrittlement.

The steel rods comply with the basic mechanical and chemical requirements of ASTM
A354 grade BD.

The metallurgical condition of the steel was found to be less than ideal. More precisely,
the microstructure of the steel is inhomogeneous resulting in large difference in hard-
ness from center to edge, and high local hardness near the surface. As an additional
consequence of the metallurgical condition, the material exhibits low toughness and
marginal ductility. The combination of all of these factors has caused the anchor rods
to be susceptible to HE failure.

Procurement of future A354 grade BD anchor rods should include a number of stan-
dard supplemental requirements to assure against HE failure. The appropriate specifi-
cation of supplemental requirements is currently under review.

Summary of the TBPOC Investigation

Hydrogen embrittlement is the root cause for the failure of the A354 grade BD high-strength

steel anchor rods at shear keys S1 and S2 (Item #1 in Table ES-1). As used in this report, hy-

drogen embrittlement is considered a short-term phenomenon that occurs in metals, including

high-strength steel, when three conditions apply: a susceptible material, presence of hydrogen

and high tensile stress (as shown in Figure ES-4). To trace what led to the rod failures, this

summary calls out each of the three hydrogen embrittlement conditions, and then tracks the

events and decisions that either caused or contributed to that condition. In their totality, these
events and decisions led to the failure of the 2008 A354 grade BD rods in March 2013.

ES-6
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Figure ES-4 Causes of Hydrogen Embrittlement (HE) or Stress Corrosion Cracking (SCC)

Presence of
Hydrogen
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High Tensile
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1. Material Susceptibility
Selection of A354 Grade BD Rods

The San Francisco-Oakland Bay Bridge was designated by Caltrans in October 1994 as an
important “lifeline” structure because of its location along crucial transportation corridors.
In short, this means that the Bay Bridge is to provide a high level of post-earthquake trans-
portation service for emergency response and support for the safety and economic livelihood
of the Bay Area. Combined with the West Span seismic retrofit, the retrofit of the west Yerba
Buena Island viaduct and Yerba Buena Island tunnel, and the West Approach replacement,
the replacement of the East Span would complete the lifeline connection across San Francisco
Bay. Because of the Bay Bridge’s designation as a lifeline structure, Caltrans required that the
East Span Replacement Project incorporate design elements that exceed the requirements of
standard seismic bridge design. The East Span Replacement Project was designed to withstand
massive seismic accelerations expected only reoccur once every 1,500 years. The bridge’s
expected life span is 150 years, so there is approximately a 10 percent chance that such an
earthquake would happen during its life span.

T.Y. Lin International/Moffatt & Nichol Design Joint Venture, the Engineer of Record, required
the use of high-strength pre-tensioned rods and slip critical connections at Pier E2 to forge a
strong physical bond at high-load locations on the SAS Bridge, taking into account bridge type,
seismic design requirements, specified design loads and site-specific requirements (such as
geology and geotechnical conditions). They selected A354 grade BD rods for use on the SAS
Bridge as indicated in the SAS Design Criteria, which were finalized on July 15, 2002. Beyond
the design requirements for a high-strength material, the decision to use A354 grade BD steel
rods was also due to sole-source restrictions that discouraged use of proprietary rods, unless
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it could be established that there were no alternatives. Alternative high-strength rods such as
F1554 and A722 rods were available for consideration by bridge designers for use on the SAS
Bridge but not pursued due to sole-source restrictions.

Hot-Dip Galvanization

High-strength steels over 150 ksi possess a metallurgical structure that can have an affinity

for hydrogen. The A354 grade BD high-strength steel rods for the SAS Bridge were hot-dipped
galvanized to protect the steel from corrosion (except for Item #6 in Table ES-1). Hot-dip gal-
vanization could make the A354 grade BD rod material susceptible to hydrogen embrittlement
because the process requires the use of heat in which the fabricated steel is dipped into a bath
of molten zinc at approximately 850°F. Too much heat could cause the release of internal hydro-
gen and when encapsulated in the zinc coating increases the risk of hydrogen embrittlement.

Correspondence between Caltrans and the T.Y. Lin International/Moffatt & Nichol Design Joint
Venture in 2003 indicates that both parties were aware of the challenges with hot-dip galva-
nizing the A354 grade BD rods and the potential for hydrogen embrittlement. To avoid the
problem, the initial specifications for the SAS Bridge contracts required the rods to be me-
chanically galvanized — a method of galvanizing that would subject the rods to less heat and
less potential for hydrogen embrittlement — versus hot-dip galvanizing. However, a bidder in-
quiry at the time of advertisement of the East Pier/Tower (E2/T1) Marine Foundation Contract
noted an inability to mechanically galvanize the large 3-inch and 4-inch diameter tower anchor
rods. After further investigation, the general conclusion among both T.Y. Lin International/
Moffatt & Nichol Design Joint Venture and Caltrans design staff was that the tower rods were
too long and too heavy for the mechanical process.

In March 2003, SAS design staff learned that the Richmond-San Rafael Bridge Seismic Retrofit
Project also included A354 grade BD rods that were galvanized for corrosion protection. The
Richmond-San Rafael Bridge Seismic Retrofit Project had changed its requirement for mechan-
ical galvanizing of A354 grade BD rods to hot-dip galvanizing (because of the size of the rods),
with an explicit instruction to use dry blast cleaning in lieu of cleaning in a pickling solution
prior to galvanizing. The rods on the Richmond-San Rafael Bridge project were installed, in
many locations underwater, to a low-tension snug-tight fit, without any apparent problems.
Based on Caltrans’ experience on the Richmond-San Rafael Bridge, and by adding a require-
ment that certified test results be submitted for conformance to ASTM A143, the SAS Bridge
design team and the Caltrans design oversight team appeared reassured that hot-dip galvaniz-
ing could be performed successfully while avoiding hydrogen embrittlement by requiring dry
blast cleaning in lieu of pickling for the A354 grade BD high-strength rods. This led to the issu-
ance of Addendum #3 to the E2/T1 Marine Foundation Contract in April 2003, which included
these requirements.

There is little documented discussion regarding the variety of applications and far higher
tension levels that would be placed on some of the high-strength rods on the SAS Bridge and
potential alternative corrosion protection methods.

ES-8 Report on the A354 Grade BD High-Strength Steel Rods on the New East Span
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Design and Contract Specifications

The Caltrans Bridge Design Specifications call for all ferrous bridge materials on a reinforced
concrete bridge within 1,000 feet of a marine environment to be protected by hot-dip galvaniz-
ing or an equivalent protective method. Further, Caltrans Standard Special Provisions direct
that high-strength fastener assemblies and other bolts attached to structural steel with nuts
and washers shall be zinc-coated. For the A354 grade BD steel rods on the SAS Bridge, the T.Y.
Lin International/Moffatt & Nichol Design Joint Venture selected galvanization for long-term
corrosion protection. This choice was supported by the Caltrans design oversight team. The
specifics on how and why galvanization was selected compared to other methods were not
documented.

Heat Treatment

The 2008 A354 grade BD rods used at Pier E2 were reported to have strength and hardness
well above the minimum requirements of the specification. Also, when examined, the failed
rods showed that the metallurgical structure was not uniform across the thickness of the rod
and parts did not have the expected material properties. This indicates the steel production
and heat treatment were not fully successful in achieving the desired uniform metallurgical
structure and desired material properties. Further, Quality Assurance (QA) also noted that the
2008 rods were subjected to a second heat treatment, as the documentation for the first treat-
ment could not be produced by the fabricator. Itis not uncommon to perform a second heat
treatment. However, in this case, given what is now known about the poor quality of the 2008
rod material, the second heat treatment may have further hardened and strengthened the ma-
terial and contributed to the rods’ susceptibility to hydrogen embrittlement.

2. High Tensile Stress

The failed A354 grade BD anchor rods (Top of Pier E2 - Item #1 in Table ES-1) were loaded to
very high tension due to design requirements at the connections which, when combined with

a susceptible metallurgical structure and low toughness, led to a high risk of failures through
hydrogen embrittlement. Because the SAS Bridge project utilized specifications developed for
galvanized A354 grade BD rods for the Richmond-San Rafael Bridge Seismic Retrofit Project
that were only snug tight, these specifications did not fully take account the high tensile stress-
es and associated risk to be imposed on the Pier E2 anchor rods. The SAS Bridge specifications
for the A354 grade BD rods did not limit the hardness and tensile strength nor did they require
minimum toughness levels in the rod material.

3. Presence of Hydrogen

Hydrogen Present in Rod Material

The metallurgical assessment of the failed A354 grade BD anchor rods (Item #1 in Table ES-1)
concluded that they failed as a result of hydrogen embrittlement, resulting from the applied
tensile load and from hydrogen that already was present and available in the rod material
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as the rods were tensioned. The visual examinations found evidence that hydrogen-assisted
cracks were present in the rods and propagated prior to failure. Furthermore, the presence
and appearance of the cracks, and the delayed nature of the fractures, point to time-depen-
dence of the failure mechanism, including hydrogen-assisted cracking. When the fracture
surfaces were further examined, there were inter-granular fractures at, and near, the thread
root. The rod material also was found to not be homogeneous, as evidenced by the presence
of ferrite and pearlite in between layers of martensite. Additionally, while ASTM A354 grade
BD specifies a maximum bulk hardness of Rockwell 39 HRC, the rods show large disparities
in hardness from center to edge, indicating that the steel may not have had optimal through-
thickness hardenability or that it was improperly heat treated. The rod material also lacked
toughness, with low Charpy Impact values ranging from 13.5 to 17.7 ft-1b.

Embedded Rods in Pier E2 Exposed to Environment

The failed A354 grade BD anchor rods installed at Pier E2 were manufactured by Dyson in
Ohio in 2008, and were installed prior to the final concrete pour on December 5, 2008. These
high-strength steel rods were embedded within the pier directly above the columns, and were
sitting in ducts for five years before they were tensioned. During this five-year period, water
was pumped out of the ducts a number of times at the request of Caltrans. Temporary drainage
and sealing arrangements had not prevented the ingress and collection of rainwater, since it
had not been anticipated that there would be such an extended period prior to completing the
erection and grouting operation at Pier E2. The actual length of time during which water was
present in these holes is unknown, but the presence of water may have been a contributing
source of hydrogen contamination in the rods.

Conclusion

The A354 grade BD anchor rods installed on the lower housing of shear keys S1 and S2 failed
due to hydrogen embrittlement. The three conditions of susceptible material, high tensile
strength and the presence of hydrogen all were present, leading to crack extension and brittle
fracture. The actions taken and decisions made on the design and specifications, fabrication,
and construction activities are all contributing factors to the rod failures.

Question 2: What retrofit strategy should be used to replace
the lost clamping force of the rods?

The 2008 A354 grade BD rods installed in Pier E2 cannot be replaced. These rods were in-
stalled and embedded into the Pier E2 cap and are in-line with the vertical columns of the pier.
In addition, the OBGs have been placed over the shear keys, further limiting access to the rods.
Therefore, replacing these 96 rods would require significant destruction of the pier cap to al-
low for the removal of the 2008 rods and installation of replacement rods. Thus, the lost clamp-
ing force from the failure of the 2008 rods must be replaced in another fashion.
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After review of three retrofit design options, on May 8, 2013, the TBPOC unanimously ap-
proved selection of the steel saddle retrofit option after finding that it would meet all design
requirements and objectives of the project. As shown in Figure ES-5, it also applies a direct
preload to the lower housing via the radial forces that are developed from the main vertical
post-tensioning force being applied as intended in the original design. The project’s Seismic
Peer Review Panel also supported this option, and the American Bridge/Fluor Joint Venture
indicated this option would be the easiest to construct and the fastest option to complete.

Figure ES-5 Recent Rendering of Selected Steel Saddle Option
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Question 3: What should be done about the other 2,210
A354 grade BD high-strength rods used elsewhere on the

SAS Bridge?
No Further Rod Failures from Hydrogen Embrittlement

A monitored, time-dependent, in-situ tensioning test was conducted on all remaining 192 rods
to determine their susceptibility to hydrogen embrittlement. This tensioning test was con-
ducted over a period of 30 days, which was considered sufficient time to ascertain whether
‘internal’ hydrogen was likely to embrittle the rods. Tensioning of the 192 rods was completed
on April 9, 2013, at which time the 30-day in-situ test period began. The 30-day in-situ test
period was completed on May 9, 2013 and resulted in no rod failures or evidence of hydrogen
embrittlement. As of July 1, 2013, these rods continued to perform as designed.

As for the remaining 2,018 A354 grade BD rods, none have failed, and all have been under ten-
sion from 91 to 1,429 days as of July 1, 2013. Because hydrogen embrittlement is a time-depen-
dent phenomenon, also dependent on the level of sustained tension, these rods have low risk
of hydrogen embrittlement. In contrast, approximately 30 percent of the anchor rods in shear
keys S1 and S2 failed just 3 to 10 days after tensioning to their design loads, and more might
have failed if that tension level had been maintained.

Longer-Term Risk of Stress Corrosion Cracking

Stress corrosion cracking is time-dependent — it occurs over years or decades of sustained
tension and is based on the commencement and rate of corrosion. The longer-term concern is
whether the remaining A354 grade BD rods are susceptible to stress corrosion cracking and, if
so, when cracking may occur. Like hydrogen embrittlement, there are three factors that contrib-
ute to stress corrosion cracking — susceptible material, high tensile stress and hydrogen-related
corrosion. Without any one of these three conditions, stress corrosion cracking will not occur.

Stress corrosion cracking develops in response to the tension the rod is placed under, its diam-
eter, threads and the hardness of material. Individual rods with higher tension levels and hard-
ness levels at or above 35 HRC should be further evaluated for risk to stress corrosion cracking.

Five tests — in-situ hardness test (Test I), Rockwell hardness test (Test II), Charpy V-Notch
test for toughness and chemical composition (Test III), and two accelerated stress corrosion
cracking tests (Townsend Test [V and Raymond Test V) — were designed to evaluate the risk
of stress corrosion cracking. All tests, except for Tests [V and V, were completed by June 21,
2013. Tests Il and Il were conducted by independent laboratories in Texas and in Richmond,
California. The results from Tests I, Il and I1I verified the mechanical properties of the rods and
categorized each rod by hardness.

Tests I, I and III for the other rods verified QC/QA test results and confirmed that the rods
have low risk for near-term hydrogen embrittlement failures because the rods exhibit better
metallurgical uniformity and improved toughness as compared to the failed 2008 rods. As
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noted earlier, these rods have performed successfully under tension from a minimum of three

months to a maximum of nearly four years.

For the longer-term stress corrosion cracking, there are a number of rods that exhibit surface
hardness that is in excess of 35 HRC, a point at which there is increased risk for stress cor-
rosion cracking under sustained high tension. However, based on the tests, these rods also
exhibit better metallurgical uniformity and improved toughness. Further, many of the remain-
ing rods are not subject to high sustained tension levels or are located in dehumidified or
sealed areas that provided additional corrosion protection. Further, stress corrosion testing

is underway as part of Tests IV and V that will provide important data for further analysis and
remediation of the rods.

Findings

Based on the information gathered and analysis in this investigative report, the TBPOC makes
the following findings:

1. Asnoted in the joint Caltrans - American Bridge/Fluor Joint Venture metallurgical re-
port dated May 7, 2013, “The [2008] anchor rods failed as a result of hydrogen embrit-
tlement, resulting from the applied tensile load and from hydrogen that was already
present and available in the rod material as they were tensioned. The root cause of the
failures is attributed to higher than normal susceptibility of the steel to hydrogen em-
brittlement.” However, that same report concluded that “the steel rods comply with the
basic mechanical and chemical requirements of ASTM A354 grade BD,” which was the
basis of the rod specification selected by the designer and owner of the project.

2. The three factors contributing to the risk of failure due to hydrogen embrittlement are
the presence of hydrogen, high tensile loads and the susceptibility of the material to
hydrogen. The contract specifications for the East Span did not consider the unique
requirements of the seven different rod locations on the SAS Bridge. One specification
was inappropriately applied to all locations. In addition, it was inappropriate to adapt
the fastener specification modified during the Richmond-San Rafael Bridge Retrofit
Project, where the A354 grade BD galvanized rods were deployed underwater at low
tension (snug tight), to the E2/T1 Marine Foundation and SAS Superstructure contracts
for the new east span, where similar bolts were deployed above water and at consider-
ably higher tension levels.

3. There was inadequate consideration to allow for sole-source specifications, utilizing
alternative or specific mechanical properties of steel. In fact, proprietary Macalloy
high-strength rods were specified for the pre-stressing rods in the W2 cap beam in the
SAS special provisions. Investigation into other types of high-strength steel rods, even
if they might have required sole-sourcing, appears to have been warranted.

4. There was inadequate consideration given to the combined effect of high-strength rod
material requirements and corrosion protection. The fastener selection process was
completed during design, and the corrosion protection specification was modified dur-
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ing advertisement and construction. There was no subsequent return discussion to the

fastener selection decision.

There was inadequate consideration of alternative corrosion protection treatments,
given well-known concerns about the risk of hydrogen embrittlement from hot-dipped
galvanizing of A354 grade BD rods. In particular, alternative treatments such as
Geomet®, or greased and sheathed, or painted solutions should have been more fully
considered depending on the various sizes and applications. A life cycle cost analysis
should have been prepared for the various rod alternatives and the various methods of
long-life corrosion protection.

The fastener specification for the E2/T1 Marine Foundations and SAS Superstructure
contracts relied too heavily on generic ASTM standards and should have included
special provisions reflecting a better understanding of the principles of the ASTM
standards to guard against hydrogen embrittlement. In particular, the contracts should
have more clearly addressed the following four requirements: 1) maximum steel
hardness and through consistency, 2) minimum steel toughness, 3) magnetic particle
testing, and 4) a time-dependent test of the rods under tension prior to their installa-
tion on the new bridge. As one peer review panelist noted: “National Standards are the
minimum. You still need to do good engineering.”

The construction of Pier E2 should not have allowed for water to collect during the
construction process. The collection of water in their support cylinders may have exac-
erbated the embrittlement of the 2008 high-strength steel rods. Because the rods were
to be embedded in concrete, it was infeasible to remove and replace them. In the words
of one engineer, “A good design should not be so sensitive to bad material.”

ASTM 143 required a hydrogen embrittlement test. The designer was aware of the
potential of hydrogen embrittlement, but construction oversight technicians only
tested rods with 1%-inch diameter or less. The large-diameter rods were not tested for
hydrogen embrittlement and a Request for Information was not issued. Closer coordi-
nation was needed between design and construction staff.

It took a considerable amount of time including significant manual effort to assemble
the QC/QA information for the SAS rods. In the case of the E2/T1 Marine Foundation
contract, much of the information has not been located for a contract completed as
recently as 2008. Such information is vital not only for an investigation of materials
failure such as this, but for routine maintenance and major rehabilitation of the SAS
over its 150-year design life.

Responsible Parties

The design and construction of the Self-Anchored Suspension (SAS) Bridge of the new East

Span involved several responsible parties:

Caltrans is the owner and operator of the New East Span;

T.Y. Lin International/Moffatt & Nichol Design Joint Venture is the Engineer of Record;

Report on the A354 Grade BD High-Strength Steel Rods on the New East Span
of the San Francisco-Oakland Bay Bridge, with Findings and Decisions



American Bridge/Fluor Joint Venture is the contractor for the SAS Superstructure; and

Kiewit/FCI/Manson Joint Venture is the contractor for the SAS E2/T1 Marine
Foundation.

These parties are responsible for the actions that led to the following findings:

TY. Lin International/Moffatt & Nichol Design Joint Venture, American Bridge/Fluor
Joint Venture and Caltrans jointly share responsibility for Findings 1 and 7.

TY. Lin International/Moffatt & Nichol Design Joint Venture and Caltrans jointly share
responsibility for Findings 2, 3, 4, 5 and 6.

American Bridge/Fluor Joint Venture and Caltrans jointly share responsibility for
Finding 8.

Caltrans is responsible for Finding 9.

TBPOC Decisions and Actions

Based on the findings above and review of the 17 locations where A354 grade BD are located

on the East Span, there are four categories into which this report classifies the 2,210 high-

strength steel rods on the SAS Bridge:

1.
2.

Rods whose clamping capacity is to be replaced before opening the bridge to traffic;

Rods that are to be replaced after opening the bridge, as a precautionary measure to
address concerns of longer-term stress corrosion;

Rods that are subject to mitigating actions, such as reduced tension, dehumidification
or other corrosion protection systems; and

Rods that are acceptable for use, will meet performance expectations, and will undergo
aregular inspection schedule.

Table ES-2 depicts a provisional approach for remediating the stress corrosion cracking poten-

tial of the various A354 grade BD rods on the SAS Bridge. These recommendations are provi-

sional pending completion of the final tests (referred to as the Townsend Test and Raymond

Test). In no case, however, do we expect the remaining tests to indicate that any rods, other

than the failed Item #1 anchor rods, will need to be replaced before opening the new East Span

to traffic. The risk of near-term hydrogen embrittlement has passed. The potential for longer-

term stress corrosion cracking can be managed safely and effectively after the SAS is placed

into service.
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Rod-by-Rod Resolution

Table ES-2: Recommended Rod-by-Rod Resolution

_ Construction Maintenance

Replace
Before Replace After Augment Accept and
Location Opening Opening Reduce Tension Dehumidification Monitor
E2 1. Shear Key 2. Bearing & 5. Bearing
Anchor Shear Key Assembly
Rods* Anchor (bushings)
(bottom) Rods 6. Bearing
(bottom) Retainer
3. Shear Key Ring Plate
*replaced by Rods (top) Assembly
steel saddle | 4. Bearing
retrofit Rods (top)
Anchorage 7. PWS Anchor Rods
Top of Tower 11. Outrigger | 8. Saddle Tie 10. Saddle
Boom Rods Grillage
9. Saddle
Turned Rods
Bottom of 12. Tower
Tower Anchor Rods
(Type 1)
13. Tower
Anchor
Rods
(Type 2)
East Saddle 14. East Saddle
Anchor Rods
15. East Saddle
Tie Rods
East Cable 16. Cable Band
Anchor Rod
W2 17. Bikepath
Anchor Rods

Note: Dehumidification is already in place for the Top of Tower, Bottom of Tower and Main Cable Anchorage.

The rod-by-rod resolution displayed in Table ES-2 details the remediation strategy for each

grouping of A354 grade BD rods. The “Replacement Before Opening” is self-explanatory. “Re-
place After Opening” and “Augment Dehumidification” are anticipated to occur before the end
of 2014 to take advantage of the efficiencies offered by the existing contractor and the tempo-
rary work platforms that are still in place. Rods confirmed by T.Y. Lin International/Moffatt
& Nichol Design Joint Venture, the Engineer of Record, as being appropriate for reduction in
tension will be adjusted as soon as the load distribution ceases to change due to construction
activities. The rods labeled “Accept and Monitor” do not require remediation and illustrate
the fact that the original specification used for all 17 rod locations was only appropriate for
fasteners installed under low tension. All high-strength rods will require routine and periodic
maintenance.
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Revised Specifications for Replacement Rods

Additional high-strength steel rods are to be purchased to replace the 2010 rods on Pier E2
that have been selected for testing. The remediation strategy outlined above also will require
procurement of additional high-strength steel rods. Caltrans has applied supplementary speci-
fications for the rods identified for replacement, which limit the ultimate tensile strength, min-
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