




































































Yun Chung 
201 Lagunaria Ln 

Alameda, California 
 

May 23, 2013 

Department of Transportation 
525 Burma Road 
Oakland, CA 94607 
 

Attention:  Tony Anziano 
 Toll Bridge Program Manager 
 

 Re:  Metallurgical Analysis of Bay Bridge Broken Anchor Rods S1-G1 & S2-A6  
  by Brahimi et al.1 Project# 04-0120F4, May 7, 2013 
 
Dear Mr. Tony Anziano:   
 
I have reviewed the report referenced above. My comments are presented on pages 3 – 17 of this 
file for your consideration. 
 
The authors of the above report concluded that the Pier E2 anchor rods failed because of 
hydrogen embrittlement (HE). They did not, however, look for the environmental factors that 
could have been significant in the 32 anchor rod failures. No zinc coating evaluations were made 
at the failure locations, the bottom ends, or the top ends. Only two (S1G1 and S2A6) of the three 
failed anchor rod samples available for their metallurgical investigation were examined. Not 
even a hardness test was done on the third sample, S2H6. No photographs of its fracture face 
were presented. No explanations were offered as to why S2H6 could be ignored completely.  
 
The authors mentioned that the three samples failed in the bottom ends but neglected to point out 
that all 32 failures occurred in the bottom ends. This is an important factor which was not part of 
the conclusions or “EXECUTIVE SUMMARY” of their report. 
 
The authors suggested that the anchor rods failed because of internal hydrogen embrittlement 
(IHE) without laboratory data that can correlate specifically to the failed anchor rod samples. 
Instead, they tried to convey all 32 anchor rods failed because they were made of a “bad batch of 
steel” with “higher than normal susceptibility to HE.” This appears to be based more on personal 
judgment than laboratory data that can correlate to any specified requirements in the 
specifications for the anchor rods.  
 
Also, their metallurgical laboratory work was not diligent in several accounts. Some of their 
laboratory hardness and metallographic data, including Anamet data, need verification or 
validation.  
 
One of important findings by the authors was that the failed anchor rods had hardness of 36 HRC 
near the surface, well below the 36 HRC required by ASTM A354 Grade BD. This finding 
would have an important implication on the disposition of the 2010 anchor rods for long term 
applications. This finding is, however, buried in the report; the authors did not discussed it, did 
not includ it in their “EXECUTIVE SUMMARY,” and did not mention it in the conclusions. The 
hardness data, both Knoop and Rockwell C, however, seem to have some irregularities that 
would require further laboratory evaluation and validation. 

                                                            
1 http://apps.mtc.ca.gov/meeting_packet_documents/agenda_2047/7_E2_Shear_Key_Rod_Failure_Fracture_Analysis_Report.pdf 
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The report left several important questions unanswered. Thus, Conclusions 1 and 3 of the report 
needs to be supported by more lab data, technical references, or both. These and other concerns 
are discussed in the following pages, with recommendations at the end. 
 
 
Sincerely yours, 
 
 
 
Yun Chung  
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COMMENTS ON CALTRANS’ METALLURGICAL REPORT 
  ON PIER E2 ANCHOR ROD FAILURES2 
 
1.0 INTRODUCTION 
 

1.1 Background of the 2008 and 2010 Anchor Rods 
 

1.1.1  2008 Anchor Rods  
 

The California Department of Transportation (Caltrans) specified ASTM A354 Gr. BD anchor 
rods for four shear keys (S1 – S4) and four bearings (B1 – B4) on Pier E2 of the new San 
Francisco-Oakland Bay Bridge. 3  All are 3-4UNC anchor rods in lengths up to 24-ft, 
manufactured by Dyson, grit blast cleaned, and hot dip galvanized. In 2008, 96 anchor rods for 
S1 and S2 were installed in the anchor rod ducts of the cap beam of Pier E2 at the eastern end of 
the self-anchored suspension (SAS) bridge. These 96 anchor rods for S1 and S2 are referred to as 
the 2008 anchor rods (or the 2008 bolts). They remained in the anchor rod ducts until early 
March 2013, when the ducts were filled with grout and the anchor rods were pretensioned to 
0.7Fu (70% of the specified minimum ultimate strength or 0.7 x 140 = 98-ksi).  
 

Within two weeks of the pretensioning, 32 of the 96 anchor rods for S1 and S2 failed, as follows: 
 

Table 1 
   

Breakdown of S1 and S2 Shear Key Anchor Rod Failures 
 

Gerdau 
Heat No 

Anchor rod 
size 

# of Anchor 
rods installed 

# of Anchor 
Rods failed 

# of Failed Anchor Rods 
removed as of 3/13/2013 

3” dia x S1 S2 S1 S2  S1 S2 
M644912 9’ 11” long 18 18 3 3  0 0 
M644914 17’2” long 30 30 18 8  2 2 

Total 
48 48 21 11 locations A7, G1 A6, H6 

96 32  4 
 

Both heats were produced by continuous casting from electric arc furnaces by Gerdau Ameristeel, 
St. Paul, MN. Their certified material test reports (CMTR) showed an identical chemical 
composition for both heats, as follows.  
 

Table 2 
 

Chemical Compositions for S1 and S2 Anchor Rods (referred to as the 2008 anchor rods) 
 

HT # C Mn P S Si Ni Cr Mo Cu Sn 
M644912 0.41 0.92 0.014 0.034 0.23 0.10 0.98 0.160 0.20 0.019
M644914 0.41 0.92 0.014 0.034 0.23 0.10 0.98 0.160 0.20 0.019

 

HT # Al V Cb Ca Ti Co N Zn Hardness 
M644912 0.001 0.030 0.003 0.0006 0.002 0.007 0.0102 0.001 293HB 
M644914 0.001 0.030 0.003 0.0006 0.002 0.007 0.0102 0.001 293HB 

                                                            
2 Metallurgical Analysis of Bay Bridge Broken Anchor Rods S1-G1 & S2-A6 by Brahimi et al. Project# 04-0120F4, 
May 7, 2013 
http://apps.mtc.ca.gov/meeting_packet_documents/agenda_2047/7_E2_Shear_Key_Rod_Failure_Fracture_Analysis_Report.pdf 
3 http://www.dot.ca.gov/hq/paffairs/AnchorRods/  



Comments on Caltrans’ Metallurgical Report on the Pier E2 Anchor Rod Failures  5 
 

 
Each melt of liquid steel of an electric arc furnace would constitute a heat number. A heat 
number is “an identifying number assigned to the product of one melting,” similar to a birth 
certificate of a person. It is the foundation of quality control systems for steel product traceability 
to the steel mill where a unique number was originally assigned. Different heat numbers will 
have a different chemical analysis, which will invariably be different in some respects from other 
heats of steel of the same grade, say 4140 low alloy steel. The identical chemical composition for 
two different heat numbers is highly unusual. 
 
To report an identical chemical composition for two heat numbers negates the basic purpose of 
the heat number system for steel product quality control. Dyson, Caltrans, or both should have 
determined why this unusual practice should be acceptable, condoned, or overlooked. After layer 
upon layer of QC/QA requirements, no one has flagged this anomaly. Even Brahimi et al merely 
reproduced the two identical chemical compositions, side by side in the same table, and made no 
comments about them in their report.1 
 
TC Industries heat treated 25 bars, each 24’ 1” long, and 70 bars, each 17’2” long, by oil 
quenching from 1600˚F, tempering at 1025˚F, and stress relieving (probably after straightening) 
at 925˚F. TC Industries showed hardness of 331 – 363 HBW (equivalent to 35 – 39 HRC) for 
[heat treat lot?] code MIS for the 25 bars, each 3” RD x 24’1” long, and 342 – 363 HBW 
(equivalent to 37 – 39 HRC) for [heat treat lot?] code MJF for the 70 bars, each 3” RD x 17’2” 
long. The former (25 bars) may have provided the 36 anchor rods, each 9’11” long, for S1 and 
S2, and the latter 60 anchor rods, each 17’2” long for S1 and S2, respectively. 
 
1.1.2 2010 Anchor Rods 
 
The rest of the 192 anchor rods for S3, S4, and B1 – B4 is referred to as the 2010 anchor rods, 
also manufactured by Dyson to the same requirements as for the 2008 anchor rods. The 2010 
anchor rods all came from Heat Number M32854, produced by continuous casting from an 
electric arc furnace at the Gerdau MacSteel plant, Jackson, MI. They reported 32 – 37 HRC as 
“surface hardness” for four “batches” for a total of 269 bars, 3” RD x 22’7¾” long, Q & T 
(meaning quenched and tempered without specifying the temperatures and holding time), with 
the notation, “aim for 35 – 37 Rockwell C.” Table 3, below, shows the chemical composition for 
Heat No. M32854 for the 2010 anchor rods. 
 

Table 3 
 

Chemical Compositions of Anchor Rods, referred to as the 2010 anchor rods 
 
Heat No C Mn P S Si Ni Cr Mo Cu Sn 
M32854 0.43 0.88 0.014 0.033 0.26 0.15 0.93 0.17 0.20 0.009

 

Heat No Al V Cb Ca 
M32854 0.020 0.010 0.003 0.006

 
The 2010 anchor rods were installed in shear keys S3 and S4 and bearings B1 - B4 and 
pretensioned sometime in April 2013. No failure has been reported from them since then. 
Whether they were pretensioned to 0.7Fu or to a lower stress level such as 0.4Fu to avoid HE 
failures has not been clarified. 
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2.0 EVALUATION 
 
2.1 Differences in Characteristics between the 2008 and 2010 Anchor Rods 
 
Caltrans released some of the files related to the Pier E2 anchor rod failures in April 2013.3 

Chung reviewed these files and stated that hydrogen embrittlement (HE) was the only possible 
failure mechanism responsible for the Pier E2 anchor rod failures.4 Brahimi et al also arrived at 
the same conclusion that the hot dip galvanized Gr. BD anchor rods in Pier E2 failed because of 
HE.2  
 
So far, only the 2008 anchor rods failed. Caltrans and BATA5 have been trying to dissociate the 
2008 anchor rods from the 2010 anchor rods to support an idea that the 2008 anchor rods 
involved more “variables” and thus were more disposed to failures than the 2010 anchor rods. If 
anything, it was the other way around. As shown in Table 3 below, the 2010 anchor rods had 
more “variables” or more lot units than the 2008 anchor rods.  
 
The characteristics of the 2008 anchor rods are compared against those of the 2010 anchor rods 
below.  
 

Table 4 
 

A Comparison between the 2008 and 2010 Anchor Rods in Pier E2 
 

Characteristics 2008 Anchor Rods 2010 Anchor Rods 
Difference 

Significant? 
Steelmaker Gerdau Ameristeel,  

St. Paul, MN 
Gerdau MacSteel, 
Jackson, MI 

No 

Steelmaking 
Electric Arc Furnace 
Continuous casting 

Electric Arc Furnace 
Continuous casting 

No 

Reduction ratio 5.9 to 1 4.9 to 1 No 

# of heats 
2  
HT M644912 (MIS) 
HT M644914 (MJF) 

1 
HT M32854 

No, because 
M644912 and 
M644914 are 
identical. 

# of [Heat treat lot] 
code 

2 (MIS, MJF) 
3 (NCJ10, NCJ11, 
NCJ12) Probably yes, 

depending on 
lot 
definitions6 

# of anchor rods 

96 
MIS 36 – 3” x 9’ 11” 
MJF 60 – 3” x 17’ 2” 

192 
96 – 3” x 21’ 10.84” 
32 – 3” x 22’ 2.81” 
64 – 3” x 22’ 7.73” 

Heat treated by TC Industries (Q & T & SR) Gerdau MacSteel (Q & T) Probably yes 
HD Galvanizing by Art Galvanizing Monning Industries No 
Hardness, HRC MIS: 35–39; MJF:37-39 32 – 37 for Batches 1 - 4 Yes 
Exposed to wetness Bottom ends for 5 yrs Moist air for several mo. Yes 
Failure location  All 32 in the bottom ends No failures Yes 

                                                            
4 Y. Chung: SAS Pier E2 Hot Dip Galvanized Grade BD Anchor Rod Failures, April 21, 2013, Prepared for Amy 
Worth, Metropolitan Traffic Commission. 
5 BATA – Bay Area Toll Authority 
6 The lot definition of ASTM A354 is interpreted or applied differently by different organizations. 
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The salient differences that set the 2010 anchor rods apart from the 2008 anchor rods are in the 
last three items in the above table: hardness, exposure time to wetness, and failure/no failure. The 
above comparison between the two groups of anchor rods does not support the “premise” that the 
2008 anchor rods had more variables and, therefore, more probability of failures than the 2010 
anchor rods. 
 
Chung discussed the variability of hardness of 3-inch anchor rods of 4140 alloy steel that were 
hardened and tempered.4 The 3-inch 4140 steel cannot achieve uniform hardness across the 
diameter. A hardness traverse across the diameter would typically look like a bowl, indicating 
high hardness near the surface and low hardness around the center (or core). In spite of this very 
basic fact that the hardness is test location sensitive, there is no uniform practice in hardness 
testing with respect to the test locations. For example, hardness is referred to as “surface 
hardness” by Gerdau and “core hardness” by TTML (a testing lab for Dyson).  
 
More often than not, test reports, including those of Caltrans’ testing laboratory, do not mention 
the test location of hardness. In spite of these uncertainties, a general trend was that the 2010 
anchor rods had a hardness range (32 – 37 HRC) that was lower than those (35 – 39 HRC) for 
the 2008 anchor rods. BATA’s Heminger presented averaged hardness/strength data that seemed 
to support that the 2008 anchor rods were higher in hardness and tensile strength than the 2010 
anchor rods. The source of his data are unknown, however. 
 
2.2 Hardness Data in CMTR 
 
The 288 Gr. BD anchor rods in Pier E2 comprise 96 for shear keys S1 and S2, referred to as the 
2008 anchor rods, and 192 for shear keys S3 and S4 and bearings B1 – B4, referred to as the 
2010 anchor rods (Table 4). As discussed above, one of the most salient differences between the 
two may be hardness. This premise, however, still needs to be verified by in-situ hardness testing 
of all anchor rods in Pier E2. 
 
In July 2009, Gerdau MacSteel shipped 3-inch round bards of ASTMA354 Gr BD, quenched and 
tempered to a target hardness range of 35 – 37 HRC. All were 22’ 7 ¾” long. CMTR showed the 
following hardness and tensile property data. 
 

Table 5 
 

Summary of Hardness and Tensile Property Data from 
Gerdau MacSteel CMTR for the 2010 Anchor Rods 

 
 Surface Hardness  

HRC, as reported 
UTS ksi 

As reported
HRC conv  
From UTS 

Batch 1 100 bars 36 157.8 35 
Batch 2 119 bars 32 155.6 35 
Batch 3 40 bars 35 158.2 35 
Batch 4 10 bars 37 153.0 34 

Total  269 bars 3” dia x 22’ 7 ¾” long 
 
The above table shows inconsistency in the hardness data: the surface hardness is not the same as 
the hardness numbers converted from the UTS (ultimate tensile strength) data. It is apparent that 
a single surface hardness, 32 HRC, for Batch 2 of 119 bars may not mean that all individual bars 
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will have 32 HRC when tested at the circumferential surface. Since the tensile specimens are 
usually machined from a mid-radius location, the 35 HRC there would contradict the 32 HRC at 
the surface. This inconsistency is not really a problem, however. This is because another bar 
from the same batch would likely show a different hardness number, which would be still within 
the requirements of ASTM A354 or 31 – 39 HRC. This rather wide range of hardness is 
specified primarily because of the recognition that hardness of individual bolts and anchor rods 
would vary from one to another.  
 
The size of the anchor rods in Pier E2, 3-inch diameter and each weighing several hundred 
pounds, presents a problem which is not a problem with bolts of smaller sizes, each around a 
pound or less.7 Not only the hardness can vary from the surface to the core and from one bar to 
another within the same “batch” or “lot” but also it can vary from one end to the other end of the 
same bar. These hardness variations would be expected of a 3-inch diameter 4140 steel bar that 
is 10’, 17’ or 22’ in length. This is one of main reasons why Caltrans should have required each 
anchor rod be hardness tested for the shank surface next to the ends of the threads at both ends. 
 
Brahimi’s report contained Anamet’s Rockwell C hardness data on three cross sections from 
S1G1 and S2A6. 8 The results may be summarized as follows. 
 

Table 6 
 

 Summary of Anamet’s Rockwell C Hardness Data on S1G1 and S2A6 Cross Sections9 
 
 
 
 
 
 
 
 
Brahimi et al did not include the hardness data of S2A6-2 from the top end in their report. When 
compared with the hardness data of S2A6-12 (bottom end), the surface hardness of 36-HRC of 
the former is lower than 37 – 38 HRC of the latter, both from the same anchor rod, which was 17’ 
2” long when installed. This is an example that would support the above discussion that the 3 
inch anchor rod can vary in hardness from one to another. 
 
The above table points to a very important revelation: the failed anchor rods had surface 
hardness of 36 – 38 HRC, which were lower than the 39 HRC maximum required by ASTM 
A354 Gr BD. This is an important data that indicate that the “Engineer” must exercise 
precautions beyond the requirements of standard specifications. This could have occurred 
specifically because the Pier E2 anchor rods were hot dip galvanized, which increased the 
susceptibility to HE, and the 2008 anchor rods sat in anchor rod ducts for five years during which 
they were exposed to the marine atmospheric conditions. Brahimi et al mentioned the possibility 
of hydrogen entry during this five year period. They did not treat this as an important factor and 
failed to look for evidence of zinc coating corrosion in the bottom ends where all 32 failures 
occurred. 

                                                            
7 A 3” dia x 20 ft steel bar would weigh about 400 pounds. 
8 Reference 2 (Brahimi et al), Figure A10. 
9 Reference 2 (Brahimi Report), Appendix B. 

 

HRC, Rockwell C 
S1G1-11 
Threaded

S2A6-2 
Shank 

S2A6-12 
Threaded

Surface 37 - 37 36 - 36 37 - 38 
1/2 R 32 - 35 33 - 36 33 - 36 

Center 30 30 30 
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2.3 Maximum Hardness Limit for Avoiding Hydrogen Embrittlement 
 
If the 96 of the 2008 anchor rods and the 192 of the 2010 anchor rods had been subjected to 
hardness tests individually at the shank surface next to the top threads, the results would look 
like the two curves in Figure 1, below. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Figure1  Hypothetical hardness distribution curves for the 2008 and 2010 anchor rods.  
 
The above distribution curves are hypothetical because they are based on imaginary hardness 
data, not actual data.  
 
The 3-inch Gr. BD anchor rods in Pier E2 has 4 UNC threads with a minor diameter of 2.702-
inches. Thus, the thread roots are 0.149-inch deep. The hardness at this location would be about 
the same as that for the shank surface. This surface location is significant because HE cracks will 
initiate at the root surface of the first thread that was engaged by the nut because the stress will 
be higher there than any other location along the anchor rod length. 
 
If Caltrans has actual hardness data for individual anchor rods in Pier E2, they have not released 
them to the public. Using the surface hardness as a criterion, Figure 1 shows hypothetical 
hardness distribution curves for the 2008 and 2010 anchor rods. Had Caltrans taken a complete 
inventory of surface hardness, using a portable hardness tester, the results will be similar to 
Figure 1.  
 
Low alloy steel that has been quenched and tempered is commonly referred to as LAQTS. Alloy 
4140 is perhaps the most widely used LAQTS. The anchor rods in Pier E2 are made of 4140 
steel, quenched and tempered. Therefore, they are all LAQTS. 
 
Experiences with LAQTS have shown that it can fail due to HE when the hardness was high. To 
avoid HE failures, ASTM A354 limits the hardness to 39 HRC maximum and A490 to 38-HRC. 
A general consensus exists on the validity of the maximum hardness limit at 38 – 39 HRC for 
avoiding failures due to HE during atmospheric services. This is indicated by the darkest shade 
in Figure 1. Again, based on empirical data, the susceptibility of LAQTS to HE has been known 
to decrease with hardness below 39 to 40 HRC as depicted by progressively lighter shades in 
Figure 1.  
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As demonstrated by the S1 and S2 anchor rod failures, LAQTS with hardness lower than 38 
HRC can failed due to HE. Hardness as low as 350 HK (equivalent to 35 HRC) was reported by 
Brahimi et al for near the surfaces of S1G1 and S2A6 and 36 HRC for the shank surface of S2A6 
by Anamet. If these hardness numbers can be validated to be accurate, this would be a very 
troubling finding for Caltrans. This is because the surface hardness of 35 to 36 HRC for the S1 
and S2 anchor rods that failed could mean that even the 2010 anchor rods with hardness higher 
than 35 to 36 HRC at the surface could fail due to HE during service in the San Francisco Bay in 
the years to come. Individual anchor rods that are happened to have surface hardness higher than 
35 – 36 HRC are potential HE failure candidates during service regardless whether they belong 
to the 2008 group or the 2010 group of anchor rods. Average hardness values or average tensile 
strength values would be no help for the individual anchor rods that are high in hardness. This is 
why it would be a fallacy for Caltrans to try to buy off the entire 2010 anchor rods based on 
some average hardness/strength data what are lower than those for the 2008 anchor rods. 
 
Below 33 HRC, LAQTS will not fail because of HE. This is validated by several documents, for 
example, 
 

ASTM 
A14310 

In practice hydrogen embrittlement of galvanized steel is usually of concern only if 
the steel exceeds approximately 150 ksi (1100 MPa) in ultimate tensile strength.11 
 

ASTM 
F232912 

For high strength steel fasteners (having a specified minimum product hardness of 
33 HRC), there is a risk of internal hydrogen embrittlement [IHE]. 
 

 
These warnings about HE failures for LAQTS with hardness above a certain limit were echoed 
by Fisher when he was quoted in the San Francisco Chronicle on May 21, 2013 as saying,  
 

“Caltrans needs to examine hundreds of at-risk rods on the new eastern span of the 
Bay Bridge and replace any that are hard enough to be vulnerable to cracking, says an 
internationally known expert who serves as an adviser to the state agency.”13 

 
Obviously, Fisher was referring not only to the Pier E2 anchor rods but also to other LAQTS 
bolts, some as large as 4 inches in diameter, in the tower and elsewhere in the new San Francisco 
Bay bridge. According to the SF Chronicle, Fisher would cut off at 34 HRC and any LAQTS 
bolts and anchor rods with hardness higher than 34 HRC would have to be replaced. This would 
essentially limit the acceptable hardness range to 31 to 34 HRC for ASTM A354 Gr BD anchor 
rods. It is doubtful if bolt manufacturer will be willing to produce 3-inch LAQTS anchor rods to 
this tight hardness range requirement. 
  

                                                            
10 ASTM A145 Safeguarding Against Embrittlement of Hot-Dip Galvanized Structural Steel Products and Procedure 
for Detecting Embrittlement 
11 150 ksi tensile strength is equivalent to 33 HRC in hardness. 
12 ASTM F2329 – Zinc Coating, Hot-Dip, Requirements for Application to Carbon and Alloy Steel Bolts, Screws, 
Washers, Nuts, and Special Threaded Fasteners 
13http://www.sfgate.com/bayarea/article/Expert-Replace-at-risk-Bay-Bridge-rods-4532939.php  
John W. Fisher: professor emeritus of civil engineering, Lehigh University. 
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3.0 Review Comments on Metallurgical Failure Analysis Report by Brahimi et al2 
 
The failure analysis report by Brahimi et al on the failed S1 and S2 anchor rods contain simple 
errors as well as certain technical deficiencies. They are discussed below. 
 
3.1 Comments on Errors and Simple Technical Issues 
 

 

(a) Simple Errors 

p.2 Executive Summary 
“When the specified tensile strength exceeds …”

Should read 
“When the actual or measured tensile 
strength exceeds …” 

p.6 A. Knoop Microhardness 
 
“from 297 KHN to 446 KHN” 

The correct designation is HK, not 
KHN. All knoop hardness values 
should show the load used. Ex 
297HK500, indicating a 500 gram load 
was used. 

p.9 Table 3 
 
Note 1: heat No. M058938 is incorrect. 
Note 2: heat No. M058925 is incorrect. 

 
 
The correct HT No is M644912. 
The correct HT No. is M644914. 

 Photo 25 
 
“in grain direction.” 

 
Should be “in grain flow direction” or 
“in rolling direction.” 

 Table 1 
 
“Location, Depth from surface” 

 
This should be “depth from the thread 
root” which is already 0.149 inch from 
the [original] shank surface. 

 Table 4 
 
“Location, Depth from surface” 

 
This should be “Location along thread 
profile” without (in). 

(b) Statements that require clarification 

p.2 Executive Summary 
“The metallurgical condition of the rods is less 
than ideal.” 

 
Need to define “ideal.” 

 
p.5 

 
S1G1-11 and S2A6-12 were chosen. 

Explain why S2H6-12 and other 
segments from the top ends were not 
examined or evaluated. 

p.6 III. Microstructure 
“ banded nature of the microstructure is an 
indication that the material is not homogenous.” 
 
“There was a relatively high amount of non-
metallic stringer inclusions.” 

 
This is not unusual for commercial 
steel. 
 
This is also common in a commercial 
grade. 
 
Neither one is a specified requirement. 



Comments on Caltrans’ Metallurgical Report on the Pier E2 Anchor Rod Failures  12 
 

p.7 B. Rockwell C Hardness 
“ … or was improperly heat treated.” 

 
Need validation lab work. 

p.8 VI Charpy V-Notch Impact Test 
 
“When compared to requirements in other 
fastener material specifications such as ASTM 
A320[3] and ISO 898-1[4],” 

 
This is irrelevant. ASTM A320 is for 
low temperature applications with 
strength requirements lower than those 
for ASTM A354 Gr BD. 

p.9 
 
 
 

Table 3 
 
The chemical compositions by Anamet as well 
as by Gerdau do not show Sn, Sb, As, N, Bi, Pb 
contents.  
 
 
 
Discussion 
 
“EHE is caused by hydrogen introduced into the 
metal from external sources while it is under 
stress.” 

 
 
For failure analyses chemical 
compositions, all residual elements that 
can be detected should be reported. 
Gerdau reported 0.019Sn for the 2008 
anchor rods and 0.009Sn for the 2010 
anchor rods. Anamet analyses should 
have checked these out. 
 
 “under stress” is an unnecessary 
condition for hydrogen diffusion, 
although stress will promote it. 

p.11 “Lower hardness steel specimens, in the range of 
25 – 38 HRC are not embrittled by the 
galvanizing process.” 

The failed anchor rod had 36 HRC near 
the surface, which contradicts the text. 

p.12 Conclusions 
 
1. “The root cause is attributed to higher than 
normal susceptibility of the steel to hydrogen 
embrittlement.” 

 
 
What is normal susceptibility? The 
failed anchor rod samples only had 36 
HRC at the surface. 

 Table 1 
 
A hardness variation from 29.3 to 38 HRC over 
a 0.010 inch distance is unusual for a surface 
layer. 

 
 
Should have provided micrographs to 
account for the hardness variation. 

 Anamet Report No. 5004.8612 
Page 2, Figure 1 
 
Some of the HRC indentations are within streaks 
caused by surface grinding, which may have 
lowered the hardness. See Photo at right. 
 

 
 
HRC traverse tests may have to be 
redone on a properly prepared surface. 
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3.2 Comments on Significant Technical Issues 
 
3.2.1 Conclusions 1, 2, and 3 
 
Conclusions 1, 2, and 3 of the report by Brahimi et al is reproduced below.  

 
Conclusion 4 of the report is 
merely an announcement that 
supplemental requirements for 
replacement anchor rods are 
under review and needs no 
discussion here. 
 
As mentioned before, Conclusion 
1 may not stand on its own merits 
without first defining what the 
normal susceptibility of a steel is. 
There is no known methodology 
that can be utilized to rate the 
susceptibility of a steel to HE for 
a given strength/hardness level. 
Most literature on hydrogen 
embrittlement and stress corrosion 
cracking of low alloy high 
strength steels indicate that KIHE 
or KISCC (stress intensity for 
hydrogen embrittlement or stress corrosion cracking) is dependent on their strength/hardness 
levels (Figure 2).14,15 For example, low alloy steels (e.g., 4140, 8640, and 4340) would have 
about the same susceptibility to HE for a given strength/hardness level.  
 

                                                            
14 R. P. Gangloff: Hydrogen Assisted Cracking of High Strength Alloys, Figure 18, p.51. 
15 1000 MPa ≈145 ksi; 40 MPa√m≈36.4 ksi√in. 

Figure 2  Relationship between KISCC (or KIHE) and yield 
strength for low alloy steel. (Gangloff 1986) 
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“Low toughness and marginal ductility” are not main factors that would affect the HE 
susceptibility of an alloy. Aermet 100 is an ultrahigh-strength steel with high toughness. Thomas 
et al stated, “Near-peak-aged AERMET 100 is susceptible to severe internal hydrogen 
embrittlement (IHE) at 23ºC, if a sufficient diffusible hydrogen content is present, compromising 
the high toughness of this ultrahigh-strength steel.”16 If toughness and ductility in terms of 
elongation values in tensile tests are important factors that would affect the HE susceptibility, the 
authors need to provide laboratory data, technical references, or both to back up their conclusion. 
Eliaz et al stated, “a great variety of metallurgical parameters can influence the susceptibility of a 
structural steel to hydrogen.”17 Toughness, temper embrittlement, and nonmetallic inclusions are 
among a cloud of many minor metallurgical factors that would affect HE susceptibility. 
 
In this regard, one of the important findings by Brahimi et al is that the failed anchor rods had 36 
- 37 HRC near the surface, well below the 39 HRC maximum required for Gr BD. This would 
have a significant implication on the disposition of the 2010 anchor rods as well as the 
“supplemental requirements” for new anchor rods on order. To provide more hardness data from 
failed anchor samples, the authors should have evaluated the third anchor rod sample, S2H6. 
This sample was available; but the authors chose to do no laboratory evaluation on this. 
 
Also, the microstructure being inhomogeneous may not be a factor in these failures. This is 
because the mass effects of the 3 inch diameter 4140 steel bar would produce microstructures 
that would vary from the surface to the core. This is to be expected and “normal” for the grade of 
steel, 4140, in sizes around 3 inches in diameter or larger. Whether the area ratio of “zone of 
incomplete transformation” in Photos 25 and 26 of the report seem higher than “normal” should 
have been verified by checking the microstructure of a sample (3” dia x 12 inches long) after 
subjecting it to the same heat treatment (1600oF oil quenching, followed by 1025oF tempering) 
as that indicated in the TC Industry’s test reports. 
 
3.2.2 Upquenching Effect as a Source of Hydrogen in the Anchor Rods  
 
The authors of the report concluded that the anchor rods failed due to HE because “hydrogen was 
already present and available in the rod material as they were tensioned.” This would be 
obviously true for any HE failures. They discussed two sources of hydrogen: (a) “The principal 
source of internal hydrogen was likely the freeing of trapped residual hydrogen by the 
upquenching effect of hot dip galvanizing” and (b) “galvanic corrosion of the sacrificial zinc 
coating generates hydrogen which is then absorbed by the cathode (i.e., steel).” They did not say, 
however, which one of the two was more responsible for the hydrogen in the S1 and S2 anchor 
rods when they were pretensioned in early March 2013.  
 
As for the zinc coating corrosion, the authors did no laboratory work except for a visual 
evaluation of the failure regions. As for the “upquenching effect” for the hydrogen, the authored 
presented no convincing data or technical support. A 2009 paper by Brahimi was referenced as a 
technical support for the “upquenching effect” during hot dip galvanizing.18 This “upaquenching 

                                                            
16  Richard L.S. Thomas, et al: Internal Hydrogen Embrittlement of Ultrahigh-Strength AERMET 100 Steel, 
Metallurgical Transactions A, v.14A, February 2003, pp. 327 – 344. 
17 N. Eliaz, et al: Characteristics of Hydrogen Embrittlement, Stress Corrosion Cracking and Temper Embrittlement 
in High-Strength Steels, Engineering Failure Analysis, 9 (2002), pp. 167-184. 
18 S. Brahimi et al: Effect of Surface Processing Variables on Hydrogen Embrittlement of Steel Fasteners, Part 1: 
Hot Dip Galvanizing, Canadian Metallurgical Quarterly, 2009, 48(3), pp. 293-302. 
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effect” is in line with Townsend, who stated as follows regarding the hydrogen responsible for 
HE failures of high strength steel in his 1975 paper.19  
 

With regard to embrittlement due to internal hydrogen, the application of hot-dip zinc 
coatings is harmful. This effect is attributed to internal hydrogen which is released 
from trap sites during hot-dip coating and prevented from escaping from the steel by 
[Zn-Fe] intermetallic compounds which form at the steel surface. 

 
The trap sites would comprise dislocations, precipitates, undissolved metal carbides, martensite 
lath interfaces, etc. Whether the upquenching effect was mainly responsible for releasing the 
hydrogen that caused the HE failures of 32 anchor rods or not is open to question. The results 
obtained by Brahimi et al using small specimens may not be applicable directly to large anchor 
rods, which were immersed in a molten zinc bath for only a short time, probably about 4 or 5 
minutes. The thermal response in these large anchor rods, some weighing as much as 400 pounds, 
during this short period would be substantially different from that in small specimens, each 
weighing about 0.12 pound. Without more research data on the mass effect of large anchor rods 
on the “upquenching effect,” it would be premature to conclude that the hydrogen due to the 
“upquenching effect” during hot dip galvanizing had a significant role in the Pier E2 anchor rod 
failures. 
 
One of the main objectives of this report would have to include some laboratory work that 
attempted to evaluate the environmental effects on the 32 anchor rod failures. As a minimum, the 
laboratory work should have included micrographs of the zinc coating in the fracture zone as 
compared with the top end of the same anchor rods. Also, some deposits/corrosion products on 
the zinc coating near the fracture face should have been analyzed, at least by energy dispersive 
spectroscopy (EDS). The authors did none of these except stating that “there was no significant 
visible corrosion on the broken rods (white corrosion or red rust…” Photo 5 shows the fracture 
face of S2A6. It had white deposits on the threads near the fracture face. No attempts were made 
to determine the nature of these deposits.  
 
More importantly, the authors made no evaluation of the zinc coating thickness, not even for 
conformation of the report by the galvanizer.  
 
Figure 3 is a micrograph that 
shows a typical zinc coating that 
forms on steel during hot dip 
galvanizing.20  
 
The outer layer, the eta phase, of 
the zinc coating consists of 
almost pure zinc. This layer will 
be the first one to corrode when 
exposed to wetness.  
 
The authors should have 
evaluated the zinc coating in the 

                                                            
19 H. E. Townsend: Effects of Zinc Coatings on Stress Corrosion Cracking and Hydrogen Embrittlement of Low 
Alloy Steel, Metallurgical Transaction, v. 6A, April 1975, pp. 877 – 883. 
20 http://www.galvanizeit.org/about-hot-dip-galvanizing/what-is-hot-dip-galvanizing/the-hdg-coating  

Figure 3  Micrograph of typical zinc coating from 
 hot dip galvanizing 
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fracture zone and compared it against the top end. It is possible that the zinc coating evaluation 
could have revealed some evidence of corrosion in the bottom end, which may be linked to the 
environmental hydrogen. The profile of the eta phase could have told if the coating experienced 
corrosion or not during the five years the S1 and S2 anchor rods stood idle in anchor rod ducts in 
Pier E2.  
 
The “hydrogen uptake” from corrosion of zinc, steel, or both can be more significant than the 
“internal hydrogen” according to experts. Gangloff stated, “The probability that the Zn coating 
contained defects which permit the moist environment to contact the underlying steel would, of 
course, be an important issue.” Other experts on HE failures of high strength steels said the following:  

 

(a) “Another factor to consider is that the Zn gives anodic protection, forcing any exposed 
steel to act as a cathode. If only a bit of steel is exposed, the anode/cathode area ratio 
would be very high, meaning a high current density at the cathodic spots. It seems to me 
that this is a recipe for HIC, given the high hardness and plentiful presence of embrittling 
elements.” 

(b) “The main point that must not be overlooked is that corrosion hydrogen is a much bigger 
problem than process hydrogen in the embrittlement of steels...” 

(c) “As the strength level increase, the amount allowable diffusible hydrogen content decrease, 
sometimes to the level of uncertainty in the practice of diffusible hydrogen measurements. 
At these lower hydrogen levels, the hydrogen distribution is as important as the average 
diffusible hydrogen.” 

(d) “The hydrogen from process or corrosion is likely to be higher in concentration near the 
steel surface than the core.”  

(e) “Controlling factors of fracture are local stress and local hydrogen concentrations.” 
 
Therefore, the source of hydrogen and its effects are a complex issue. The condition of the zinc 
coating of the anchor rod samples is an important issue that needs to be investigated further 
because the findings could affect the dispositions of the 2010 anchor rods for long term 
applications.  
 
4.0 CONCLUSIONS 
 
A review of the metallurgical failure analysis report by Brahimi et al on the failed S1 and S2 
anchor rods in Pier E2 gave the following results. 
 
(1) The report contains several simple errors, technical as well as editorial. 
 
(2) The authors overlooked several important aspects of the anchor rod failures. Most 
importantly, they made no evaluation of the zinc coating in the fracture zone and the top ends. 
 
(3) Some laboratory data including the Anamet's data need to be validated. 
 



Comments on Caltrans’ Metallurgical Report on the Pier E2 Anchor Rod Failures  17 
 

5.0 RECOMMENDATIONS 
 
Allow a third party to conduct an independent metallurgical evaluation of all the anchor rod 
samples removed from Pier E2. The objectives are: 
 

(a) Clarify what caused the 32 failures or clarify the environmental effects by evaluating the 
zinc coating and deposits in and around the fracture faces. 
 
(b) Verify the hardness data that showed 36 HRC near the surface of the failed anchor rod 
samples. 
 
(c) Request a complete chemical analysis from Anamet’s emission spectrographic data, 
including the concentrations of all residual elements such as Sn, As, Bi, Zn, Ca, N, Pb. 
 
(d) Conduct a heat treatment experiment to verify if the mixed microstructure at the core of 
the anchor rod samples resulted from improper hardening operation. 
 



 


