
February 201710

investigating structures  
and their components

Structural 
Forensics

Dr. Thomas Langill has been 
with the American Galvanizers 
Association for 22 years as its 
Technical Director. He is Chairman 
of three ASTM Subcommittees, 
including the subcommittee that 
maintains the standards for the hot-
dip galvanizing process, A05.13, 
G01.04 on atmospheric corrosion, 
and G01.14 on corrosion of 
construction materials. Dr. Langill 
is also Secretary of the ASTM 
Main Committee A05 on Metallic-
Coated Iron and Steel Products.

By Thomas Langill, Ph.D.

Lessons Learned from the 
Bay Bridge Bolt Failure

Some lessons are not learned until after 
events occur. This was the case with the San 
Francisco-Oakland Bay Bridge (SFOBB) 
or Bay Bridge. This bridge, which car-

ries more than 240,000 vehicles per day along 
Interstate 80, connects the peninsula of San 
Francisco with the city of Oakland and eastern side 
of the San Francisco Bay. Initial reports suggested 
hot-dip galvanizing embrittled the bolts causing 
a failure. After more research, it was determined 
the embrittlement was not from the galvanizing 
but was a much more complex issue.

History of the Bay Bridge
In 1989, the series of bridges that make up the Bay 
Bridge were severely damaged during the infamous 
Loma Prieta Earthquake that rocked the city and 
surrounding areas. The most substantial damage 
occurred when the upper east section of the bridge 
collapsed onto the lower deck during the height of 

the heaviest traffic commute, 
causing heavy damage to trav-
eling vehicles and killing and 
injuring many.
After this earthquake, the 

western section of the bridge 
underwent a complete seismic 

retrofit in 2004, where the bridge was modified 
to become more resistant to seismic activity and 
other ground motion. In 2013, the eastern section 
of the bridge was completely replaced with a new 
self-anchored suspension bridge (SAS) and opened 
in September of that year (Figure 1). This allowed 
the bridge’s cables to be completely attached to 
the ends of its deck, rather than into the ground, 
allowing for more flexibility during seismic activity. 
However, one of the issues with an SAS bridge is 
the potential for an amplification of stresses during 
a seismic event where the SAS cables are hit with 
an increase of pressure to hold up the bridge.

A New Design Takes Shape
Bridge designers and constructors are always con-
cerned with preserving their bridges for as long as 
possible. To combat the amplification of stresses 
and to offset the potential of harmonic amplifi-
cation of the bridge deck, the designers installed 
shear keys in the new design of the eastern bridge 
span. Shear keys are blocks of concrete supported 
by large diameter bolts that are made from ASTM 
A354 Grade BD material in diameters from two 
to four inches and have been hot-dip galvanized.
The shear keys dampen the seismic energy 

transmitted to the bridge deck and help pre-
vent damage during an earthquake. They are not 
intended to support the bridge deck itself but 
merely play a role in the suppression of forces 
during a seismic event. Each bolt within the shear 
key is heat-treated to meet the minimum speci-
fication of mechanical properties, and hot-dip 
galvanized to provide corrosion protection. These 
bolts were used throughout the Bay Bridge design, 
not just in the new shear key installation. These 
anchor rods, A354BD, are specified to have an 
ultimate tensile strength (Fu) of a minimum of 
140,000 psi for bolts with diameters above 2.5 
inches and a hardness range of a minimum of 31 
HRC and a maximum of 39 HRC.
Figures 2a and 2b show the placement of the 

anchor rods used for the shear keys when the bolts 
were first put into place in the Pier E2 location. The 
anchor rods were installed into the shear keys in 
November 2008, and grouting of the rods began in 
January 2013. However, these anchor rods were not 
tensioned until March 2013 because they could not 
be installed until the superstructure of the bridge 
was put in place. Because of this, the very bottoms 
of the anchor rods were purposely damaged to hold 
the nuts until they could be properly tensioned. 
The top of the steel pipe sleeve assemblies holding 
the shear key rods were exposed to the environment 

Figure 1. San Francisco-Oakland Bay Bridge.
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during the period before the superstructure of 
the bridge was installed. This left little clearance 
between the top of the rods and the bottom 
of the bridge.

Beginning Signs of Trouble
Once the superstructure of the bridge was 
erected in 2013, and the load transfer was 
completed, the anchor rods were pre-ten-
sioned to 70% of their minimum specified 
ultimate tensile strength (Fu). After the first 
two weeks of tension, 32 of the 96 anchor 
rods had fractured, all occurring at or near 
the threaded engagements towards the bottom 
of the rods. Once the pre-tension level was 
reduced to 40% Fu, failure of the rods ceased. 
This resulted in the decision to abandon all 96 
of the rods. An alternative anchoring system 
was successfully designed and installed.
Although these anchor rods were no longer in 

service, their failure raised major concerns about 
the long-term performance of the remaining 
A354BD rods throughout the bridge. The frac-
turing (Figure 3) resulted in three investigations 
focused on metallurgical testing and failure 
analysis on two of the fractured rods from the 
shear keys. It was determined the failure of 
the rods was a result of hydrogen embrittle-
ment. As a result, the California Department 
of Transportation undertook a second testing 
program to further examine the cause of failure 
and to evaluate the remaining A354BD rods 
throughout the bridge.

Shear Key Rod  
Failure Investigation

This investigation, which began shortly after 
the tensioning of the shear key rods, included 
performing metallurgical testing and failure 
analysis on the rods. It was conducted by 
three investigators: Salim Brahimi, President 

of IBECA Technologies and Chairman of 
the ASTM F16 Committee on Fasteners; 
Rosme Aguilar, Branch Chief of Cal Trans 
Structural Metals Testing Branch; and 
Conrad Christensen, Principal and Founder 
of Christensen Materials Engineering. The 
design of the bridge created a very low clear-
ance between the rods and the superstructure 
of the bridge. For testing to continue, the 
rods had to be removed in small sections by 
pulling them up as far as possible and sawing 
them off. This process was very extensive, so 
only a few rods ultimately were removed for 
the study.
The first batch of A354BD rods, those 

installed in the shear keys, were not tested 
through the Magnetic Particle Inspection 
(MPI) because they were installed before the 
requirement for MPI testing was added to the 
contract. The MPI looks for small cracks in 
the rods. All of the A354BD rods were cleaned 
by dry blasting to SSPC No. 10 Near-White 
Blast Cleaning before being dipped into the 
molten zinc bath, to avoid acid cleaning. By 
skipping the acid solution, the rods avoided 
the generation of hydrogen. The rods were 
galvanized within four hours of blast cleaning 
to ASTM A123 standards. The bolt threads 
on the rods can be rolled or cut, and heat 
treatments must include quenching in oil.

The investigation continued with a visual 
inspection of two failed rods and showed 
the presence of Denso paste, which is part of 
the Denso Tape System on the rods that pro-
vide extra corrosion protection. The threads 
and fractured surfaces had remnants of this 
paste as well as the grout used during instal-
lation. This visual inspection revealed that 
the surface was brittle, and that cracks had 
developed, grown, and spread throughout the 
rods progressively. This process exceeded the 
rod’s structural capacity, ultimately resulting 
in the final failure.
After the visual inspection was complete, the 

investigation moved forward by using a scan-
ning electron microscopy (SEM) examination 
of the surfaces across the rod diameter. The 
results showed intergranular fracture mor-
phology near the threaded roots. As the crack 
progressed, the morphology became more 
mixed, causing a sudden fast fracture when 
the crack reached a critical size, meaning the 
rod could no longer carry the applied load.
The mechanical property testing results 

were within proper specification values for 
hardness, ultimate tensile strength, chemical 
analysis, and microstructural analysis of the 
hot-dip galvanized coating. However, after 
conducting analysis with the Charpy V-notch 
tests, it was found that the test result values 
(13-18) were below expectations (25-35), 
meaning the material had failed to reach 
expected toughness and could be susceptible 
to embrittlement. The Charpy V-notch test is 
an impact test that determines the amount of 
energy that can be absorbed by the material 
during a fracture.
The conclusion of this study stated that the 

cause of this failure was hydrogen embrit-
tlement combined with the applied load 
exceeding the susceptibility of the rod mate-
rial. The steel rods complied with the proper 
specification, A354BD, but the microstructure 

Figure 2 (a and b). Placement of the anchor rods used for the shear 
keys when the bolts were first put into place in the Pier E2 location.

Figure 3. Fracture surface of 2008 shear key rod.

(a)

(b)
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was not uniform. The microstructure inhomo-
geneity resulted in low toughness and marginal 
ductility, causing the rods to be susceptible to 
hydrogen embrittlement.

Evaluation of the Selected 
Fractured Rods

After the results of the initial analysis on the 
A354BD rods had shown signs of hydrogen 
embrittlement, the various parties responsible 
for the bridge design were concerned about 
the potential of hydrogen embrittlement in 
other A354BD rods throughout the rest of the 
bridge. Therefore, another study was initiated 
to test rods throughout the bridge. A variety 
of rods of different sizes, tension levels, and 
locations were selected for detailed laboratory 
testing to determine chemical composition, 
hardness, and susceptibility to hydrogen 
embrittlement. All mechanical property tests 
showed that material properties were generally 
uniform and within specification require-
ments. Another Charpy impact toughness 
test was conducted which showed toughness 
levels of the majority of the rods within the 
normal ranges for the material. Only the tests 
on the samples of the 2008 rods showed lower 
toughness values.
After these tests resulted in normal read-

ings, the Townsend Test for Stress Corrosion 
Cracking (SCC) was performed on the full-
diameter rods obtained from the various 
groups of previously selected rods. In this 
test, the tensile load was increased very slowly 
(in steps) until a threshold load level was 
established for the onset of cracking due to 
hydrogen embrittlement (Figure 4). This slow 
increase was essential because of the required 
time it takes for diffusion in detecting the 

effects of hydrogen. To properly detect the 
threshold load for hydrogen entering the steel 
from the environment due to corrosion (envi-
ronmental hydrogen), the rods were loaded 
up to 1.8 million pounds while immersed in 
saltwater containing 3.5% sodium chloride.
The results of this test concluded:
•	�The 2008 rods failed because of 

hydrogen embrittlement at the same 
load (0.70 Fu) that led to failure 
on the bridge with similar fracture 
characteristic. (This confirms the 
Townsend Test duplicates the actual 
performance of the rods.)

•	�The fracture surface on the rods 
showed where the initiation of 
the crack occurred. As the cracks 
progressed, the fractures changed from 
intergranular to cleavage and finally 
to ductile fractures that took place on 
the opposite end of the initial cracks. 
(These fractures were evident in all the 
2008 bolts examined.)

•	�After testing the remaining rods, it 
was determined that all had threshold 
loads greater than their design loads, 
indicating they were not susceptible to 
hydrogen embrittlement.

The next step was to determine if hydro-
gen was already present in the steel and if it 
could have contributed to the low threshold 
of the fractured rods. The Townsend test was 
repeated in air, without exposure to salt water, 
to make the determination. This test showed a 
complete absence of hydrogen embrittlement 
and resulted in the following:

•	�Failure of the 2008 rods in the wet 
Townsend Test occurred as a result of 
environmentally induced hydrogen 
embrittlement.

•	�The 2008 rods would not have failed if 
they were protected from saltwater

Following the Townsend Test, the Raymond 
test was conducted on two types of small 
specimens cut from full-size rods. This test 
is a slow, rising step-load laboratory bend 
that allows for an examination to determine 
the susceptibility to hydrogen embrittle-
ment. The results were consistent with the 
Townsend Test and again proved the failure 
was a result of hydrogen embrittlement 
based on their exposed environment, not 
internal hydrogen. The main results of the 
study were as follows: the 2008 rods failed 
by hydrogen embrittlement at the same 
load (0.70 Fu) that resulted in failure on the 
bridge. The outcome provided independent 
confirmation of the result obtained with 
full diameter rods.

Summary
In conclusion, there was no indication that 
the galvanizing process contributed in any 
way to the failure of the rods from 2008. 
The low hydrogen embrittlement threshold 
of the failed rods was likely due to fabri-
cation methods and thermal treatment of 
the rods. The results of this study indicate 
the Bay Bridge rods installed in 2008 failed 
because of environmentally induced hydro-
gen embrittlement caused by tensioning 
above their threshold while simultaneously 
immersed in water. This created the perfect 
environment to introduce hydrogen into the 
steel. There was no evidence that hydrogen 
was present in the steel before installation 
or tensioning, nor that internal hydrogen 
contributed to the A354BD rod failures. The 
Townsend Tests performed on the A354BD 
rods confirmed that, without the presence of 
water, the rods would not have failed. All of 
the remaining rods on the bridge were tested 
and proved to have hydrogen embrittlement 
thresholds higher than their pre-tensioned 
stress levels and were concluded as safe. 
The remaining rods were designed to have 
supplemental corrosion protection measures 
that include dehumidification, paint systems, 
or grout. All of these measures will prevent 
corrosion and the possibility of hydrogen 
embrittlement as long as the galvanized coat-
ing remains intact.
Additionally, the development of specific 

maintenance procedures for the corrosion 
protection system can provide assurance 
to the bridge owners and will be specified 
in the Self-Anchoring Suspension (SAS) 
Maintenance Manual.▪

Figure 4. Townsend test schematic.
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