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MWRA MetroWest Water Supply Tunnel Shaft 5A Pipe Break 

Pipe Failure Scenario Report 

Executive Summary 

On May 1, 2010, the Massachusetts Water Resources Authority (MWRA) suffered a break on a 10-foot 

diameter steel pipe water main which is part of MWRA’s MetroWest Water Supply Tunnel.  MWRA 

thereby established an Independent Panel (Panel) charged with the tasks of identifying the probable 

cause(s) of the water main break and loss of the insulating coupling; of preparing and submitting a report to 

the MWRA Executive Director of the independent findings. 

The Panel members appointed are Zorica Pantić, Chair, President of the Wentworth Institute of 

Technology; Ronald G. Ballinger, Professor of Nuclear Science and Engineering and Material Science and 

Engineering at the Massachusetts Institute of Technology; and John H. Bambei, Jr., Chief of Engineering at 

Denver Water. 

The analysis of the Shaft 5 coupling failure has progressed to the point where it is now possible to identify 

the most likely scenarios.  This document presents a discussion of two potential failure scenarios: (1) the 

Vertical Displacement scenario and (2) the Progressive Stud Failure. 

Vertical Displacement Scenario:  In this scenario the coupling failure is caused by a vertical 

displacement of the two pipe halves to the extent that the coupling was separated from the pipe.   

It is the Panel’s judgment that this scenario is not consistent with the evidence retrieved from the failure. 

Progressive Stud Failure Scenario:  In this scenario the coupling failure consists of the following 

evolutionary conditions and/or steps: 

1. The initial condition of the studs (after installation) were such that cracks initiated at some of the 

thread roots in the studs either upon installation of the coupling or shortly after initial pressurization 

of the pipe after installation.   

2. The studs are excessively loaded in operation and violate the allowable loads as specified for 

ASTM A193 Grade B7 bolting as defined in the American Society of Mechanical Engineers 

(ASME) boiler and pressure vessel code, Section II, Table 3 (see more detailed discussion in 

Section 8.2).   When the effect of the pre-existing installation-related or initial 

pressurization-induced cracks are considered, the local loads are even higher. 

3. During operation, additional crack growth occurs that is enhanced by the presence of the wet 

environment to the point where one or more of the studs fail. 

4. Failure of one or more of the studs transfers additional load to the remaining studs, increasing the 

load on the remaining studs. 

5. The relaxation of the load due to stud failure(s) allowed for loosening of the coupling and 

subsequent “blow out” of the O-Rings. 

6. Once the O-Rings became free, the leak rate -- up to this point minimal -- increased almost 

instantaneously to the rate observed. 

It is the judgment of the Panel that the Progressive Stud Failure Scenario best fits both the observed 

behavior of the system and the evidence, limited as it is, retrieved from the site. 
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1.0 Introduction 

The analysis of the Shaft 5 coupling failure has progressed to the point where it is now possible to identify 

potential failure scenarios.  This document presents a discussion of two potential failure scenarios: (1) the 

Vertical Displacement scenario and (2) Progressive Stud Failure scenario. Pros and cons for each scenario 

are presented.   

On May 1, 2010, the Massachusetts Water Resources Authority (MWRA) suffered a break on a 10-foot 

diameter steel pipe water main which is part of MWRA’s MetroWest Water Supply Tunnel.  MWRA 

thereby established an Independent Panel (Panel) charged with the tasks of identifying the probable 

cause(s) of the water main break and loss of the insulating coupling; of preparing and submitting a report to 

the MWRA Executive Director of the independent findings. 

The Panel members appointed are Zorica Pantić, Chair, President of the Wentworth Institute of 

Technology; Ronald G. Ballinger, Professor of Nuclear Science and Engineering and Material Science and 

Engineering at the Massachusetts Institute of Technology; and John H. Bambei, Jr., Chief of Engineering at 

Denver Water. 

2.0 Information Considered 

The conclusions and discussion presented here are based on the following:  

1. Documents Supplied by MWRA Staff:  The MWRA staff supplied the Panel with an extensive 

set of documents related to the design, procurement, installation, operation and subsequent failure 

of the coupling. 

2. Protocol #1 and #2:  The results of initial detailed excavation of the failure site and analysis 

performed under “Protocol #1” and “Protocol #2” at Altran Solutions, the laboratory engaged by 

the MWRA for the detailed failure analysis, as well as additional analysis performed by Altran 

Solutions that was not a part of Protocol #1 but requested by the Panel.  Much of the analysis 

performed in Protocol #2 was derived from discussions of the results of Protocol #1. 

3. Informal Thread Inspection: In addition, two of the Panel members (Bambei and Ballinger) 

made additional, non-scientific, inspections of several studs of the type used for the coupling.  

Bambei inspected studs in-house at his facilities and Ballinger procured, through the MWRA 

purchasing department, several (~ 6) ASTM A193
1
 Grade B7 studs from a commercial supplier.  

Ballinger’s set was zinc coated with rolled threads.  Bambei’s set was uncoated with rolled 

threads.  Visual (and stereo microscopic and mounted and polished in the case of Ballinger) 

inspection of the thread root and crown areas found no cracks.  It must be stressed that this 

inspection was not meant to be “formal” but simply informative.  Should a more formal 

investigation be required then it must be done in accordance with a formal protocol. 

4. Additional Thread Inspection:  Based on the initial inspection of the studs for thread and crown 

cracks by Altran Solutions, the inspection of purchased and in-house studs by Ballinger and 

Bambei, Altran Solutions did a thorough inspection of all of the thread roots and crowns on the 

studs or stud parts that were retrieved from the site.  The results of this inspection show that, while 

                                                      
1
 ASTM A193, Standard Specification for Alloy-Steel and Stainless Steel Bolting for High Temperature or High 

Pressure Service and Other Special Purpose Applications, ASTM International, West Conshohoken, Pennsylvania. 
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crown cracks are universally present on the studs, the root cracks are located only within several 

threads (up to 9) of the fractures. 

5. Post Repair Cathodic Protection Inspection Reports:  The Panel also had access to two 

cathodic protection surveys that were performed after the repair. 

6. Special Testing on the O-Ring Material:  At the request of the Panel, Altran Solutions 

performed a special compression test on the O-Ring material using fixtures that closely 

approximated the coupling geometry.  These tests were performed to develop an understanding of 

the stress that was present in the studs during operation. 

7. Stud Stress Calculations:  At the request of the Panel, Altran Solutions performed a mechanical 

analysis to estimate the stress present in the studs as well as the forces that could cause vertical 

displacement of the pipe halves on either side of the coupling. 

3.0 Failure Scenarios 

Vertical Displacement Scenario:  In this scenario the coupling failure is caused by a vertical 

displacement of the two pipe halves to the extent that the coupling was separated from the pipe.   

Progressive Stud Failure Scenario:  In this scenario the coupling failure consists of the following 

evolutionary conditions and/or steps: 

1. The initial condition of the studs (after installation) were such that cracks initiated at some of the 

thread roots in the studs either upon installation of the coupling or shortly after initial pressurization 

of the pipe after installation.   

2. The studs are excessively loaded in operation and violate the allowable loads as specified for 

ASTM A193
1
 bolting as defined in the American Society of Mechanical Engineers (ASME) boiler 

and pressure vessel code, Section II
2
, Table 3.   When the effect of the pre-existing 

installation-related or initial pressurization-induced cracks are considered the local loads are even 

higher. 

3. During operation additional crack growth occurs that is enhanced by the presence of the wet 

environment to the point where one or more of the studs fail. 

4. Failure of one or more of the studs transfers additional load to the remaining studs, increasing the 

load on the remaining studs. 

5. The relaxation of the load due to stud failure(s) allowed for loosening of the coupling and 

subsequent “blow out” of the O-Rings. 

6. Once the O-Rings became free, the leak rate -- up to this point minimal -- increased almost 

instantaneously to the rate observed. 

4.0 Characteristics of the Failure 

1. The coupling was a TYPE II Victaulic Depend-O-Lok coupling. 

2. The coupling was installed on the 120-inch Shaft 5 pipe and placed into service on May 22, 2002.  

The failure occurred on May 1, 2010 - approximately 8 years after installation. 

                                                      
2
 ASME Boiler and Pressure Vessel Code, Section II, Materials, American Society of Mechanical Engineers, 

New York, New York. 
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3. The coupling was installed after the failure of a TYPE I Depend-O-Lok coupling to perform 

satisfactorily.  In the case of the TYPE I coupling, there was a problem with the O-Rings being 

forced out of the coupling under the pressure of the water system-approximately 90 psi.  The 

TYPE II coupling is a more robust design that contains a guard that prevents the O-Ring from being 

ejected from the coupling due to system water pressure.  The TYPE II coupling is designed to 

allow for a larger mismatch in alignment between the two pipe ends. 

4. The failure, at least the “final” failure, occurred in a relatively rapid manner as is verified by video 

of the site at the time of the failure. 

5. The section of the piping containing the coupling was cathodically protected through the use of 

sacrificial anodes.  The cathodic protection system was certified as being operating satisfactorily 

after coupling installation.  However, the coupling, as designed and installed, was NOT 

electrically connected to the piping and therefore was not cathodically protected.  Additionally, 

the coupling was coated with an insulating coating as the last step in the installation process. 

6. Upon excavation of the site it was found that the coupling was no longer joining the two pipe 

halves.  However, the two pipe halves were observed to be very well aligned.  The distance 

between the two pipe halves was considerably less than the diameter of the O-Rings. 

7. Upon excavation of the site, it was discovered that the coupling was partially lodged under the 

120-inch pipe and the two halves of the coupling had been almost completely separated.  One side 

of the coupling was completely separated and the second side was still connected but only one stud 

(out of 4 possible) remained connecting the two halves.  Three studs (out of a possible 8) were 

ultimately recovered from the site.  One complete stud, later designated as Stud #2, (holding one 

side of the coupling together) and two stud “halves” that contained fracture surfaces. One of the 

two partial studs, later designated as Stud #1, was found on the surface at the site north of the break 

location between the break site and the Charles River.   The second partial stud, later designated 

as Stud #3, was found at the bottom of the excavation on the northerly side of the break during the 

excavation to attempt to recover the coupling. 

8. The stud that was discovered still attached to the coupling (joining the two halves at one side) 

showed a different corrosion product morphology than the two stud halves.  The corrosion product 

morphology on one of the stud halves consisted of a black oxide while the oxide on the second stud 

halve was similar, but not the same, as the intact stud holding one side of the coupling together. 

9. Each stud, the complete stud holding the two halves together as well as the two stud halves, 

contained “double nuts.”  This configuration was not called for in the assembly procedures. 

10. Hardness test results, correlated to tensile strength, indicated that all of the studs conform to the 

approved product submittals.  The studs were specified as being required to conform to ASTM 

A193
1
, Grade B7 (105 ksi yield strength, 125 ksi tensile strength).  ASTM A193

1
 is included as 

Appendix A. 

NOTE: American Water Works Association Standard C207-07
3
 (included as Appendix B) 

specifies bolting materials as follows: 

4.1.4 Bolting.  Bolts shall be carbon steel, ASTM A307
4
 Grade B, with 

ASTM A563
5
 Grade A heavy hex nuts for Class B and D flanges.  Bolts for 

                                                      
3
 ANSI/AWWA C207-07, AWWA Standard for Steel Pipe Flanges for Waterworks Service - Sizes 4 In. Through 

144 In. (100mm through 3,600mm), American Water Works Association, Denver, Colorado. 



MWRA Metro West Water Supply Tunnel Shaft 5A Pipe Break 
Pipe Failure Scenario Report 

 

-5- 

Class E and F flanges shall be ASTM A193
1
 Grade B7 with ASTM A194

6
 Grade 

2H heavy hex nuts.  Bolts and nuts for buried or submerged service may be 

furnished from equivalent-strength stainless steel material if precautions are taken 

to prevent galling of threads during tightening.  Bolts shall have regular 

unfinished square or hexagonal heads, and nuts shall have regular square or 

hexagonal dimensions, all in accordance with ANSI B18.2.1
7
 for wrench head 

bolts and nuts and wrench openings.  Minimum bolt lengths shall be the sum of 

the mating flange maximum thicknesses, the gasket, and the depth of the nut plus 

1/8 in. (3.2mm) minimum before torqueing . If threaded rods are used, they shall 

be the same length as the bolts determined previously, plus the depth of the nuts, 

plus 1/8 in. (3.2mm). 

11. While the stud material hardness was consistent with those specified for the coupling they 

exhibited characteristics that suggest poor fabrication.  Cracks were present on essentially all of 

the thread “crowns.”  Additionally, cracks were present at many of the thread “roots.”  Upon 

further examination it was determined that the root cracks were located within 9 threads of the 

fracture surfaces.  This location is consistent with the location of the highest stud load. 

12. The fracture surfaces of the stud parts were consistent with the initiation and propagation of a crack 

followed by overload to final failure. 

13. An extensive search for additional studs was not successful. 

14. The two O-Rings were found separated at what was later shown to be a 90º glued joint.  Residual 

glue on the O-Ring fracture surfaces showed that the joint was a glued joint and NOT a factory 

“vulcanized” joint. 

5.0 Coupling Characteristics 

Figure 1 shows a schematic of the TYPE II Depend-O-Lok coupling.  Figure 1a shows the general 

configuration.  The coupling consists of a split steel band that is joined by bolts or studs.  In the case of the 

coupling in question studs were used.  The water seal is provided by the presence of two O-Rings, one on 

each pipe half that are compressed when the bands are bolted together.  Not shown in the figure are two 

rubber sleeves, one on each pipe half, under the band that electrically isolates the coupling from the pipe.  

Two plates, one under each joint region, provide further support, sealing, and electrical isolation in these 

regions.  Figure 1b shows a schematic of the O-Ring detail.  The pressure seal is provided by the O-Ring 

seal.  One of the main differences between the TYPE I and TYPE II coupling is the presence of restraint 

bands that capture the O-Rings and prevent them from being forced out of the coupling as long as the 

coupling is properly installed.   

                                                                                                                                                                           
4
 ASTM A307, Standard Specification for Carbon Steel Bolts and Studs, 60000 psi Tensile Strength, ASTM 

International, West Conshohocken, Pennsylvania. 
5
 ASTM A563, Standard Specification for Carbon and Alloy Steel Nuts, ASTM International, West Conshohocken, 

Pennsylvania. 
6
 ASTM A194, Standard Specification for Carbon and Alloy Steel Nuts for Bolts for High Pressure or High 

Temperature Service, or Both, ASTM International, West Conshohocken, Pennsylvania. 
7
 ANSI/ASME B18.2.1, Square Hex, Heavy Hex, and Askew Head Bolts, and Hex, Heavy Hex, Hex Flange, Lobed 

Head, and Lag Screws (Inch Series), American Society of Mechanical Engineers, New York, New York. 
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The general installation procedure is to attach the insulating sleeve to each pipe end, slide the O-Rings on to 

the pipe ends over the insulating sleeve and then to attach and tighten down the steel bands.  The bolts, 

studs in the case of the coupling in question, are attached to one side of the coupling.  Then a hydraulic 

device is used to close the opposite side of the clamp to the proper separation of the two coupling halves on 

that side.  The studs are then installed and lightly tightened.  The hydraulic device is then released and the 

studs loaded.  The installation procedure also allows for manual wrench tightening of the nuts.  Proper 

installation requires that the coupling be in intimate contact with the insulating rubber sleeves on the two 

pipe halves with approximately a one inch separation between the clamp flanges on each side of the 

coupling.  At this point, the O-Rings will be properly compressed and captured.   

6.0 Coupling Configuration After Failure 

Figure 2 shows both a schematic of the geometry of the coupling, its excavation, and possible location of 

the second half of the coupling along with selected photographs of the actual coupling.  The excavation 

exposed one half of the coupling as well as partially exposing the second half.  Conditions at the 

excavation site prevented retrieval of the entire second half.  However, one end of the second coupling half 

was cut from the buried remainder.  The two halves of the coupling were separated at one end and joined 

with a single stud at the other (buried) end.  Figure 2a shows a photograph of the half of the coupling that 

was retrieved.  Figures 2b and 2c show the end of the buried half that was only partially recovered.  Figure 

2c shows the stud connecting the two halves.  As was mentioned above, only three studs or partial studs 

were recovered from the site.  It is believed that the remaining studs remain buried in the area of the second 

coupling half or have been washed away.   

Figure 1. Schematic of the TYPE II Depend-O-Lok Coupling 
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Figure 2.  Schematic Layout of Coupling Failure Showing Location of Retrieved Coupling Half and  

Likely Orientation of Remaining Coupling Half  
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7.0 Analysis of Relevant Coupling 

Components 

In this section we present a brief analysis of several of the 

coupling components that will be relevant to the potential failure 

scenarios to be discussed in Section 8 below.  The discussion is 

not meant to be exhaustive and several coupling components have 

been left out that the Panel considers unimportant with respect to 

the final conclusions as to cause. 

7.1 Recovered Studs 

Figure 3 shows photographs of the three stud/stud parts that have 

thus far been recovered from the site.  All of the stud/stud parts 

are double-nutted.  For each bolt the ends were stamped “B7” 

which is consistent with the submittal for the coupling studs.  As 

was mentioned above, the oxide morphology for the stud 

retrieved from the location on the ground prior to excavation, 

Stud #1, is clearly a different color than that of the other two 

studs. 

All of the studs show evidence of residual zinc coating although 

the level of zinc is much higher for Stud #1.  All of the studs 

exhibit small cracks at essentially all of the thread crowns and 

many of the thread roots.  The cracks at the thread roots are 

confined to threads in proximity, within 9 or less threads, to the 

fracture surfaces of Studs # 1 and 3.  Root cracks are present in 

the bent region of Stud #2. 

The fracture surface of Stud #1 was undamaged enough such that 

fractography could be conducted.  The fracture surface of Stud 

#3 was more severely damaged.  Stud #2 was removed from the 

coupling connection.  Studs # 2 and #3 show severe deformation 

while Stud #1 shows much less, although finite, stretching 

deformation. 

While the origin of Stud #2 is without question, there is 

considerable circumstantial evidence that Studs # 1 and #3 are 

also from the coupling.  Both studs were observed to be 

double-nutted.  Both studs are stamped “B7” and exhibit 

hardness values consistent with this grade.  Stud #3 was 

recovered from the excavation during the attempt to recover the 

coupling.  Stud #1 was located on the surface north of the break 

location between the break and the Charles River.  

Figure 3. Photographs of Studs/Stud 
Parts Retrieved From The Site 

Excavation 

Figure 3a. General Photograph 

Stud #1 

Stud #2 

Stud #3 

Figure 3b. Stud Half Retrieved From 
Area Away From Immediate Vicinity of 

The Excavation 

Stud #1 

Figure 3d. Stud Retrieved From 
Excavation Area 

Stud #3 

Figure 3c. Stud Holding Two Halves 
Together 

Stud #2 
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7.1.1 Stud #1 Analysis  

Figure 4 shows fractographic and metallographic results for Stud #1.  Figures 4a and 4b show side view 

and end view of the fracture surface.  The fracture surface consists of a cracked rim and a largely flat 

region with an approximately 45º slant fracture region which was likely the last area to fail.  Figure 4c 

shows a higher magnification photograph of the thread region which shows both root and crown cracks as 

well as some evidence of thread wastage.  Figures 4d-e show a typical thread crown unetched (d) and 

etched (e).  Figures 4f and g show typical root cracks unetched (f) and etched (g).  Figure 5 presents the 

results of the thread root cracking analysis performed by Altran Solutions.  The examination of Stud #1 

revealed cracking in approximately the first 7-10 thread roots from the fractured end.  The majority of the 

cracks were on the 0°, 90° and 180° sides.  The 270° side was nearly crack-free.  The areas under and 

between nuts were free from cracks.  The presence of crown cracks is an indication of poor thread rolling 

process during manufacture.  It is possible that the root cracks were also initiated as a part of the thread 

rolling process but based on their location with respect to the fracture surfaces it is more likely that many of 

the initial cracks were induced as a part of the coupling installation process or during or very shortly after 

the initial pipe pressurization.  The crack locations are consistent with either the location of maximum load 

during operation which would include loads from tensile and bending if bending was present.  Of course, 

the crack that ultimately resulted in failure was AT the point of maximum load.  However, as Figure 4 

shows, further crack propagation has occurred from the thread roots in addition to the initial crack.  The 

root cracks show characteristics that suggest an environmentally assisted component.  These 

characteristics include the “branching” morphology where secondary cracks branch off from the main 

crack. It is impossible to determine if the cracks located in the bent portion were present during operation or 

occurred during or after the coupling failure.  The role of the thread root stress concentration factor will be 

discussed further below when an estimate of the loads during operation is presented in Section 8.2. 

7.1.2 Stud #2 Analysis 

Figure 6 shows photographs and metallographic results for Stud #2.  Recall that Stud #2 is the only intact 

stud that was retrieved and was found holding the two halves of the coupling together under the Shaft 5 

pipe.  Figure 6a shows the stud with one set of nuts removed.  It is not clear at which point in the failure 

process the bending occurred: (1) during the initial failure or (2) after the failure and during subsequent 

violent movement of the coupling halves due to the water flow from the leak.  Figure 6b shows a 

photograph of the stud in place between the two coupling halves as found under the Shaft 5 pipe during the 

excavation of the site.  Figure 6c shows a higher magnification photograph of the bent region of the stud.  

Multiple cracks can be seen as well as the considerable thread deformation.  Figure 7 shows the results of 

the thread root crack survey performed by Altran Solutions.  This stud was examined after cryo-fracturing 

and cleaning, starting from the cryo-fractured end of the stud halves, examining each thread root toward the 

end at 0°, 90°, 180° and 270°.  The two halves are labeled as Side 1 and Side 2 in Figure 7.  Examination 

of Stud 2 revealed cracking in approximately the 5 thread roots along the extrados of the bend (0°). The 

extrados of the bend is the outer part of the bend. 

 The areas on the intrados of the bend (180°), and the 90° and 270° areas of the bend contained only one 

indication of a root crack.  The areas beyond the bend, and under or between the nuts either exhibited 

damage or were free from cracks.  The possible origin of the cracks include: (1) the bending and failure 

during the event or (2) at least partially present for some time before the failure as a result of the coupling 
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installation and pipe pressurization process.  However, based on the analysis of Stud #1 and Stud #3 

(below) it is likely that there were pre-failure initial cracks present which then propagated further as a result 

of the event.  Figures 6d and e show the crown cracks that were present in this as well as all of the other 

studs.  

7.1.3 Stud #3 Analysis  

Figures 8 and 9 show the results of the analysis of Stud #3.  Figures 8a and 8b show the as-received stud 

prior to cleaning.  Figure 8i shows the threaded region after cleaning and shows two of  the root cracks.  

Figure 8c shows the as-cleaned stud with the nuts removed.  Note that once the surface oxide has been 

removed the color of this stud approaches that of Stud #1.  Figures 8d and h show the microstructure of the 

thread root (d and g) and crown (h) regions.  In this case, two general types of cracks were observed:  

(1) very straight cracks with oxide present in the crack and (2) cracks with branching and with oxide present 

on the crack surfaces.  Figure 8h shows a typical crown crack.  Figure 8f illustrates what appears to be a 

two phase initiation/propagation process, an initial straight segment followed by a more branched segment 

as was the case with Stud #1.  The initial straight segment was likely the result of overload during initial 

installation of the coupling or during initial pipe pressurization.  The second segment is likely 

environmentally assisted.  Thus, the first segment likely occurred quickly followed by a much slower 

environmentally assisted phase of crack growth. 

Figure 9 shows the fracture surface of Stud #3 (a) before and (b) after cleaning.  It appears that the failure 

of the stud began with the initiation of a crack, likely from a crack that initiated much earlier in coupling 

operation, that then propagated for some time in the environment.  At the time of coupling failure, the 

crack had probably progressed to the white outline shown in Figure 9b.  Rapid crack propagation occurred 

from that point on as is indicated by the striation-like features that proceed from one side of the stud to the 

other.  Figures 9c and 9d show scanning electron microscope (SEM) micrographs of the likely initiation 

region.  These figures should be compared with Figures 8f and g which show a typical crack “end on.”  

The vertical line in Figure 8f divides what appears to be two modes of crack propagation: (1) a straight 

region probably present as a result of the installation process or which occurred upon or very shortly after 

pressurization and (2) a region of environmentally influenced propagation to the right of the vertical line.  

Figure 10 shows the results of the thread root crack location analysis.  Once again, the root cracks are 

located in proximity to the fracture surface.  The examination of Stud #3 revealed cracking in only the 

2-3 thread roots adjacent to the fracture at the 180°
 

and 270° locations.  The remainder of the stud did not 

exhibit thread root cracks. 
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Figure 4.  Fractography and Metallography of Stud #1 
Figure 4a.  Side View Showing Thread Wastage. 

Figure 4b.  Fracture Surface 
Figure 4c.  Macro of Threads Showing Root Cracks and Thread Wastage 

Figures 4d and 4e.  Thread Crown Unetched, Etched Showing Cracks 
Figures 4f and 4g.  Thread Cracks Unetched, Etched  
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C = Cracked 

NC = Not Cracked  

 

Figure 5.  Results of Thread Root Crack Location Analysis For Stud #1 

 

  

Thread 0° 90° 180° 270° 

1 C C C C (lip) 

2 C C C NC 

3 C C C NC 

4 C C C NC 

5 C C C NC 

6 C C C NC 

7 C C C NC 

8 C NC C NC 

9 C NC C NC 

10 NC NC C NC 

11 NC NC NC NC 

12 NC NC NC NC 

13 NC NC NC NC 

14 NC NC NC NC 

15 NC NC NC NC 

16 NC NC NC NC 

17 NC NC NC NC 

18 NC NC NC NC 

19 NC NC NC NC 

20 NC NC NC NC 

21 NC NC NC NC 

22 NC NC NC NC 

23 NC NC NC NC 

24 NC NC NC NC 

25 NC NC NC NC 

26 NC NC NC NC 
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Figure 6.  Stud #2 Photography and Microstructural Features 
Figure 6a.  Macro-Photo Showing Deformation. 

Figure 6b.  Photo of Stud In Place Between Coupling Halves Under Shaft 5 Pipe 
Figure 6c.  Higher Magnification Showing Deformation and Thread Crown And Root Cracks 

Figures 6d and 6e.  Unetched and Etched Thread Crown Showing Processing Related Cracking, the Light Colored Area in 6d is Zinc Rich 

  

Zinc Coating 
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C – Cracked 

NC – Not Cracked 

D – Damaged  

T – Tensile (No Data)  

 
 Figure 7.  Results of Thread Root Crack 

 Location Analysis for STUD #2  
 

Side #1  Side #2 

Thread 0° 90° 180° 270°  Thread 0° 90° 180° 270° 

Opened 

Crack 
C Cut Cut Cut 

 Opened 

Crack 
C NC D NC 

1 C Cut Cut NC  1 C Cut D Cut NC 

2 C C NC NC  2 C NC D Cut NC 

3 C C NC NC  3 C NC D NC 

4 C NC NC Cut  4 C NC D NC 

5 C Cut D NC  5 C NC D NC 

6 D D C NC  6 NC NC D NC 

7 D NC C NC  7 NC NC D NC 

8 D NC NC NC  8 NC NC D NC 

9 D NC NC NC  9 NC NC D NC 

10 D NC NC NC  10 NC NC NC NC 

11 D NC NC NC  11 NC D NC D 

12 D NC NC T  12 NC D NC D 

13 NC NC NC T  13 NC D D D 

14 NC NC NC T  14 NC D D D 

15 NC NC NC T  15 NC D D D 

16 NC NC NC T  16 NC D D D 

17 NC NC NC T  17 NC D D NC 

18 NC NC NC T  18 NC D NC NC 

19 NC NC NC T  19 NC D NC NC 

20 NC NC NC --  20 NC D NC NC 

21 NC NC NC --  21 NC D NC NC 

22 NC NC NC --  22 NC D NC NC 

23 NC NC NC --  23 NC NC NC NC 

24 NC NC NC --  24 NC NC NC NC 

25 NC NC NC NC  25 NC NC NC NC 

26 NC NC NC NC  26 NC NC NC NC 

27 NC NC NC NC       

28 NC NC NC NC       
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Figure 8.  Stud #3 Photography and Microstructural Features 

Figure 8a.  As-Received Stud 
Figure 8b.  Higher Magnification View of End That Includes Fracture 

Figure 8c.  As Cleaned Stud With Nuts Removed Showing Bending Deformation 
Figures 8d and 8e.  Root Crack With Straight Morphology, Unetched (8d) and Etched (8e) 

Figures 8f and 8g.  Root Crack With Branched Morphology Typical of an Environmentally Assisted Crack, Unetched (8f) and Etched (8g) 
Figure 8h.  Crown Crack 

Figure 8i.  Image Showing Root Crack From Surface 
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Figure 9.  Stud #3 fracture surface (9a) uncleaned and (9b) cleaned.  Failure scenario most likely one where crack initiation occurred  and 
propagated in the region identified.  Then, at a later time more rapid fracture process began as indicated by white arrow.  Note “striated” 

region which may indicate incremental crack growth-possibly as a result of violent movement during coupling failure. 
Figures 9c and 9d show scanning electron microscope (SEM) micrographs of initiation region. 

Figure 9e.  shows SEM micrograph of fast fracture region.  
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C – Cracked 

NC – Not Cracked 

D – Damaged  
 

Figure 10.  Results of Thread Root Crack Location  
Analysis for Stud #3 

  

Thread 0° 90° 180° 270° 

1 -- -- C -- 

2 C NC NC C 

3 NC NC NC C 

4 NC NC NC NC 

5 NC NC NC NC 

6 NC NC NC NC 

7 NC NC NC NC 

8 NC NC NC D 

9 NC NC NC NC 

10 NC NC NC NC 

11 NC NC NC NC 

12 NC NC NC NC 

13 NC NC NC NC 

14 NC NC NC NC 

15 NC NC NC NC 

16 NC NC NC NC 

17 NC NC NC NC 

18 NC NC NC NC 

19 NC NC NC NC 

20 NC NC NC NC 

21 NC NC NC NC 

22 NC NC NC NC 

23 NC NC NC NC 

24 NC NC NC NC 

25 NC NC NC NC 

26 Cut Cut Cut Cut 

27 -- -- NC NC 

28 -- -- NC NC 

29 -- -- D D 
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7.1.4 Informal Inspection of Several Commercially Available ASTM A193 Grade B7 

Studs  

The presence of thread cracks in many of the thread roots and crown cracks on all of the studs that were 

retrieved prompted an informal investigation by two of the Panel members, Bambei and Ballinger.  

Bambei and Ballinger made additional inspections of several studs of the type used for the coupling.  

Bambei inspected studs in-house at his facilities and Ballinger procured, through the MWRA purchasing 

department, several (~ 6) ASTM A193
1
 Grade B7 studs from a commercial supplier.  Ballinger’s set was 

zinc coated with rolled threads.  Bambei’s set was uncoated with rolled threads.  Visual (and stereo 

microscopic and mounted and polished in the case of Ballinger) inspection of the thread root and crown 

areas found no cracks.  It must be stressed that this inspection was not meant to be “formal” but simply 

informative. 

7.2 O-Rings 

Figure 11 shows the O-Rings with the two opposing fracture surfaces shown for each O-Ring.  The 

fracture surfaces are flat and correspond to a glued joint.  Very little material transfer is present which 

indicates that the joint was not as strong as a factory “vulcanized” joint would have been.  Analysis of 

residue on the fracture surfaces indicates that the gluing agent was similar to “super-glue.” 

8.0 Analysis of Potential Coupling Failure Scenarios  

Any failure scenario, in addition to being plausible, must yield the endpoint conditions.  Since the studs 

failed during the incident, any event must also result in failure of the coupling studs as well as failure of the 

O-Rings.   

Figure 11. Photographs of O-Ring Fracture Surfaces 
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8.1 Vertical Displacement Scenario  

The Vertical Displacement Scenario would require that an event occurs that allows for the vertical 

displacement to occur.  This would require a substantial vertical force to be applied.  Figure 12 shows the 

pipe configuration that was present AFTER the event.  It should be noted that the alignment is very good 

even though much of the pipe to the right of the joint is now unsupported by the soil/backfill that would 

normally be present beneath the pipe.  A vertical displacement force could be derived, in principal, by one 

or more of the following conditions: (1) an event that results in the washout of the soil beneath the pipe that 

allows the soil above the pipe to remain in place, (2) a situation where the pipe becomes empty and, at the 

same time, the water table is elevated to the point where the pipe becomes a “boat.”   

Washout Event:  To evaluate this possibility a very conservative set of calculations was made where 

washout is allowed to occur beneath the pipe, the overburden (10 feet) is allowed to remain in place and the 

pipe remains full of water.  The pipe is treated as a simply supported beam and the resulting vertical force 

is calculated and distributed among the studs holding the coupling together.  The shear stress that is 

transmitted to the studs then 

depends on the location of the 

coupling joints.  The worst case 

would be where the coupling 

joints are located in a horizontal 

plane parallel to the ground.  This 

last assumption is false since the 

coupling was installed with the 

joints at 45° from the horizontal.  

For this set of conditions the 

resulting shear force on the 

coupling would be approximately 

53,000 lbs.  This translates into a 

shear stress on each stud of 

approximately 9 ksi which is far 

below the yield stress of the stud 

material (105 ksi) even with a 

thread stress concentration factor 

of 4 (to be discussed further 

below) which would yield 

approximately 35 ksi shear stress. 

 

Based on this analysis the Panel concludes that a washout event would not result in sufficient conditions 

for the failure.   

Empty Pipe Event:  If the pipe were to become empty AND if the water table were to rise above the top of 

the pipe, the buoyancy forces would be enormous.  The buoyancy force for an empty 10-foot diameter 

pipe, 30 feet long would be on the order of 150,000 lbs.  While considerable constraint would be supplied 

by the thrust blocks at each end of the pipe sections, this would be very unlikely to mitigate the upward 

Figure 12. Photograph of the Shaft 5A Pipe After The Failure 
 

(Note that the two halves are very well aligned even though the long half, to 
the right, is largely unsupported all the way back to the nearest thrust block 

which is approximately 30 feet away.) 
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force.  We thus conclude that such an event would be capable of providing the necessary upward force to 

overload the studs.  However, at no time during operation before the failure event was the pipe drained.  

This being the case, the net buoyancy force would not be positive since the weight of the water in the pipe 

plus that of the pipe material exceeds the weight of the water that would be displaced were the water table to 

rise above the pipe.   

Based on this analysis, the Panel concludes that although possible, this event could not have occurred 

given the operating history of the pipe.   

8.2 Progressive Stud Failure Scenario 

To repeat the Progressive Stud Failure Scenario – The coupling failure consists of the following 

evolutionary conditions and/or steps: 

1. The initial condition of the studs (after installation) were such that cracks initiated at some of the 

thread roots in the studs either upon installation of the coupling or shortly after initial pressurization 

of the pipe after installation.   

2. The studs are excessively loaded in operation, and violate the allowable loads as specified for 

ASTM A193
1
 Grade B7 bolting as defined in the American Society of Mechanical Engineers 

(ASME) boiler and pressure vessel code, Section II
2
, Table 3.  When the effect of the pre-existing 

installation-related or initial pressurization-induced cracks are considered the local loads are even 

higher. 

3. During operation additional crack growth occurs that is enhanced by the presence of the wet 

environment to the point where one or more of the studs fail. 

4. Failure of one or more of the studs transfers additional load to the remaining studs, increasing the 

load on the remaining studs resulting in additional stud failures. 

5. The relaxation of the load due to stud failure(s) allowed for loosening of the coupling and 

subsequent “blow out” of the O-Rings. 

6. Once the O-Rings became free, the leak rate -- up to this point minimal -- increased almost 

instantaneously to the rate observed. 

 

To evaluate the plausibility of the Progressive Stud Failure Scenario we will take the required conditions 

and/or events and evaluate them one at a time.   

Pre-Existing Cracks:  The analysis shows that all of the studs that were retrieved contained both crown as 

well as root cracks.  The crown cracks would have been in compression during operation.  It is thus very 

unlikely that the crown cracks would have initiated during operation and we thus conclude that these cracks 

were present in the as-installed studs from the manufacturing process.  The presence of crown cracks is an 

indication of improper processing and poor quality control during manufacture.  The presence of zinc in or 

over the crown cracks in an indication that the cracks were present prior to zinc coating.  The root cracks 

would have been in tension during operation and would also have been subjected to a stress concentration 

factor as a result of the thread root geometry. The fractography of the retrieved studs shows thread root 

cracks being very prevalent in proximity to the fracture surfaces in Studs #1 and #3 and, in addition, in the 
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bent region of Stud #2.  Moreover, the root cracks showed a morphology that suggested: (1) that cracks 

were initiated very early on -- possibly during initial installation or pipe pressurization -- and (2) that an 

additional increment of environmentally assisted crack growth has occurred.   

The Panel concludes that this criteria is very likely satisfied.  The Panel cannot say anything about the 

studs that were not retrieved.  However, it is safe to say that they were fractured as a part of the failure 

process and thus may have been “pre-cracked” as well.  Additionally, the Panel cannot make a 

definitive statement concerning when the root cracks that are located at the extrados (the outside of the 

bend) of the bent sections occurred.   

Excessive Thread Loading:  Given that there were pre-existing cracks in the retrieved studs and thus the 

likelihood that pre-existing cracks were present in many or all of the studs, calculations were performed to 

estimate the operating stress present in the stud thread root area and to compare this stress with that which 

would be allowed by the appropriate design code.  This calculation included stress induced from water 

pressure loads, loads from O-Ring compression, and a stress concentration factor based on the thread root 

geometry.  The additional factor that would have been present from the existence of a sharp crack was not 

considered but would have added to the thread root stress concentration.  The pressure loads were easily 

calculated with the known dimensions and system conditions.  The water pressure induced load was 

estimated to be approximately 9,500 lbs/stud with an internal pressure of 90 psi.  For an internal pressure 

of 105 psi, the induced load would have been about 11,100 lbs/stud and for the maximum rated pressure for 

the coupling, 150 psi, the load would have been approximately 15,800 lbs/stud.  The stud load induced by 

the O-Ring compression process was estimated based on a compression test using the actual geometry of 

the system performed by Altran Solutions.  Figure 13 shows the test geometry and results.  The O-Ring 

was compressed to exactly the amount that would have occurred in an actual installation.  The loading per 

stud from O-Ring compression was estimated to be 17,100 lbs/stud.  The detailed calculations of the stud 

loading are included in Appendix C.  The resulting total load/stud is estimated to have been approximately 

26,600 lbs/stud for the 90 psi internal pressure case and 32,900 lbs/stud for the maximum design pressure of 

150 psi.  However, to this, we must account for the effect of the stress concentration factor due to the 

thread geometry which will increase the local stress at the thread root.  The stress concentration factor is 

readily available (Lehnhoff, T., Bunyard, B., “Bolt Thread and Head Fillet Stress Concentration Factors,” 

Trans. ASME, Vol. 122, May 2000, pp 180-185) and found to range from 3-4 for a one-inch stud with the 

concentration factor the highest near the nuts.  This paper is included as Appendix D.  ASTM A193
1
 

Grade B7 material requires a minimum yield strength of 105 ksi and a tensile strength minimum of 125 ksi.  

The net section stress excluding the stress concentration factor would thus be about 43.9 ksi for the 90 psi 

internal pressure case and 54.3 ksi for the maximum design pressure of 150 psi based on a “tensile stress 

area” of 0.606 in
2
 as defined by “Handbook of Bolts and Bolted Joints, J. H. Bickford, S. Nassar, eds., 1998, 

Marcel Dekker.  Table 1 lists the results of the calculations for three internal pipe pressures; 90, 105, and 

150 psi.  The calculation for 105 psi internal pressure is included because this was the intended test 

pressure for the coupling as installed. 

At this point one of two paths can be taken: (1) take the nominal stress and then divide by the stress 

concentration factor to get the local stress at the thread root or (2) determine the maximum allowable net 

section stress using an appropriate engineering code.  In general, sound engineering practice suggests that 

the maximum allowable stress for structural application of a material is limited to either 2/3 of the yield 

stress or 1/3 of the tensile stress.  For ASTM A193
1
 Grade B7 material this would limit the stress to 
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approximately 70 ksi based on the 2/3 yield criteria.  Based on this criteria alone, the ASTM A193
1
 

Grade B7 material would meet the criteria for both the 90 and 150 psi cases.  However, if you apply the 

stress concentration factor, even using the minimum of 3, the maximum allowable stress would be reduced 

to 23.3 ksi which is considerably below the allowable based on the 2/3 yield stress criteria with stress 

concentration factor applied. 

Table 1.  Stud Stress Calculations 

Internal Pressure (psi) 90 105 150 

Water Pressure Load (lbs/stud) 9,500 11,083 15, 833 

O-Ring Force (lbs/stud) 17,100 17,100 17,100 

Total Load/Stud (lbs) 26,600 28,183 32,933 

Stress/Stud (psi)* 43,894 46,506 54,345 

Stress/Stud (psi)** 33,868 35,884 41,931 

*  Stress based on “tensile stress area” of 0.606 in2 as defined by Bolting Manual (adjusts for thread root diameter) 

** Stress based on assuming load borne by entire 1-inch cross section (0.7854 in2) 

A second method for evaluation of the allowable stress would be to simply locate an engineering 

code/standard that has been written for this application.  Unfortunately, no such code exists that explicitly 

specifies the allowable stress for this exact application, a 1-inch ASTM A193
1
 Grade B7 stud, in a flange 

application with the geometry of the Type II Depend-O-Lok 

coupling.  While the American Water Works Association 

(AWWA) identifies ASTM A193
1
 Grade B7 as a bolting 

material, the standard (C207-07
3
) does not specify the 

allowable stress.  However, the American Society of 

Mechanical Engineers Boiler and Pressure Vessel Code, 

Section II
2
, Materials, Table 3, does provide an allowable stress 

for ASTM A193
1
, Grade B7 material in a bolting application.  

The appropriate table is included as Appendix E.  For bolts 

less than or equal to 2 ½-inch diameter and a temperature 

between -20 and 100°F, the allowable stress is 25 ksi.  The 

allowable stress in this case ACCOUNTS for the stress 

concentration factor of the threads.  The maximum allowable 

stress by this method is very close to the less formal method 

based on sound engineering practice.  In any case, both 

methods indicate that the stud stress significantly exceeded that 

which would be either allowed by code or by sound 

engineering practice. 

The Panel thus concludes that for the intended use in this 

application, the studs were significantly overloaded at 90 psi 

internal pressure and even more so at the design internal 

pressure of 150 psi.  

Figure 13. O-Ring Test Setup  
and Results 



MWRA Metro West Water Supply Tunnel Shaft 5A Pipe Break 
Pipe Failure Scenario Report 

 

-23- 

It should be noted that none of these estimates takes into account the potential effect of a corrosive 

environment.  Additional care must be exercised when a corrosive environment exists and an appropriate 

additional factor of safety must be applied.  However, while the allowable stress will be further reduced, 

the amount of reduction is more based on engineering judgment and would require testing in the actual 

environment. 

NOTE: A review of the material provided by the MWRA staff suggests that the installation process for the 

coupling did not go as smoothly as would have been expected.  There were several documents in which 

personnel from Victaulic were described as assisting in tightening of the studs.  The procedure for 

installation of the studs is very specific and was illustrated by a video supplied by Victaulic.  Nowhere in 

the procedure is double nutting identified as being allowed.  Additionally, log books describe a stud 

tightening process that occurred AFTER the initial installation which is allowed by the procedures but 

would have put an additional, and unknown, load on the studs.  All of this suggests that additional load 

may have been applied to the studs that would not normally have been applied had the installation 

procedures been followed exactly.   

The Panel thus concludes that the actual local thread stresses were excessive for the operating 

conditions.   

Crack Growth During Operation: The evidence suggests that additional, subcritical (crack growth prior 

to final overload and failure), crack growth occurred during operation.  The analysis suggests that this was 

the case for all of the studs.  Given the load that would have been transferred to unfailed studs as a result of 

sequential failure of other studs it is likely that any additional studs that may be found will either: (1) show 

subcritical crack growth followed by rapid crack growth and failure or (2) straight overload failure.   

The Panel thus concludes that the evidence supports an environmentally assisted crack growth 

component to the failure of the studs.   

Cathodic Protection (CP) System/Stray Current Involvement:  Cathodic protection was provided by a 

system of sacrificial magnesium anodes placed along the length of the pipe.  This is still the case.  The CP 

system was certified as being in proper operation when the piping was installed.  Additional, smaller 

diameter pipes are connected through electrical isolation couplings, to the Shaft 5A pipe in question.  The 

nearest pipe, Section 80, is a ductile iron pipe and is not required to be cathodically protected.  However, 

the following additional factors need to be considered:  

1. The TYPE II Depend-O-Lok coupling was electrically isolated from the Shaft 5A pipe.   

2. Two Cathodic Protection (CP) surveys were conducted after the event once the system had been 

restored.  One of these was at the request of the panel and with a high level of detail.  The survey 

included continuous recording of selected potentials for extended periods of time to map out daily 

events that might provide stray current effects.  These events included the effect of the operation 

of the above ground MBTA electric train system (Green Line) station located approximately one 

mile from the site.  Based on these results it was concluded that the CP system, while not now 

operating completely in accordance with specifications, does provide adequate protection for the 

piping and is not influenced by significant stray current.   
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The fact that a CP system may be performing barely adequately AFTER the fact given all of the disruptions 

that have occurred at the site does not mean that the CP system was not performing adequately BEFORE the 

event.  Indeed the system was certified as performing to specifications after initial installation.  If stray 

currents were present then it is possible that the coupling could have been involved as a current path.  If the 

current exited the coupling through the studs then accelerated corrosion could have resulted.  If the stray 

current entered the coupling through the studs AND the potential was low enough to cause hydrogen 

reduction then hydrogen could have played a role in the stud failure process.  However, it must also be 

noted that the entire coupling system was coated with an insulating material after installation and this would 

have somewhat isolated the coupling from the environment although water would likely have had access.   

The Panel thus concludes that a contribution from the CP system cannot be confirmed or ruled out as 

being present. However, based on before and after CP surveys the Panel concludes that it is unlikely that 

the CP system or stray current played a significant role in the failure. 

Progressive Stud Failure:  The evidence suggests that there were pre-existing cracks in the studs that 

were likely present as a result of the coupling installation process or were present shortly after initial pipe 

pressurization, that additional, environmentally assisted, crack growth occurred during operation, and that 

all but one of the studs failed before or during the event.  The fact that the stresses in the studs were 

significantly above the code allowable values further argues for progressive stud failure.  Since it is 

unlikely that a single overload event occurred there is a reasonable probability that stud failures occurred in 

a sequential manner.  As the studs failed, the additional load that would have been transferred to the 

remaining studs would have caused an accelerating stud failure rate.   

The Panel concludes that progressive stud failure is consistent with the evidence.  No other scenario 

better fits the observations.   

Coupling Relaxation and O-Ring Blow Out: As the studs sequentially failed there would have been a 

progressive relaxation of the coupling that would have begun to release the capture force on the O-Rings.  

At some point the relaxation would have allowed the O-Rings to slide free and the water pressure would 

have acted to push the O-Rings out of the coupling.  The presence of a glued 90° joint on the O-Rings, as 

opposed to a much stronger vulcanized factory joint would have aggravated the situation.  Once O-Ring 

release occurred the leak rate would have been unfettered.   

The Panel thus concludes that coupling relaxation due to progressive stud failure fits the observed 

behavior of the system.   

9.0 General Conclusions 

The evidence gathered supports the Progressive Stud Failure Scenario and does not support the Vertical 

Displacement Scenario as the Panel knows it. 
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Designation: A 193/A 193M – 04

Standard Specification for
Alloy-Steel and Stainless Steel Bolting Materials for High-
Temperature Service 1

This standard is issued under the fixed designation A 193/A 193M; the number immediately following the designation indicates the year
of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope*

1.1 This specification2 covers alloy and stainless steel bolt-
ing material for pressure vessels, valves, flanges, and fittings
for high-temperature service. The termbolting materialas used
in this specification covers bars, bolts, screws, studs, stud bolts,
and wire. Bars and wire shall be hot-wrought. The material
may be further processed by centerless grinding or by cold
drawing. Austenitic stainless steel may be carbide solution
treated or carbide solution treated and strain-hardened. When
strain hardened austenitic steel is ordered, the purchaser should
take special care to ensure that Appendix X1 is thoroughly
understood.

1.2 Several grades are covered, including ferritic steels and
austenitic stainless steels designated B5, B8, and so forth.
Selection will depend upon design, service conditions, me-
chanical properties, and high-temperature characteristics.

NOTE 1—The committee formulating this specification has included
fifteen steel types that have been rather extensively used for the present
purpose. Other compositions will be considered for inclusion by the
committee from time to time as the need becomes apparent.

NOTE 2—For grades of alloy-steel bolting material suitable for use at
the lower range of high-temperature applications, reference should be
made to Specification A 354.

NOTE 3—For grades of alloy-steel bolting material suitable for use in
low-temperature applications, reference should be made to Specification
A 320/A 320M.

1.3 Nuts for use with this bolting material are covered in
Section 13.

1.4 Supplementary Requirements S1 through S10 are pro-
vided for use when additional tests or inspection are desired.
These shall apply only when specified in the purchase order.

1.5 This specification is expressed in both inch-pound units
and in SI units. However, unless the order specifies the
applicableM specification designation (SI units), the material
shall be furnished to inch-pound units.

1.6 The values stated in either inch-pound units or SI units
are to be regarded separately as standard. Within the text, the
SI units are shown in brackets. The values stated in each
system are not exact equivalents; therefore, each system must
be used independently of the other. Combining values from the
two systems may result in nonconformance with the specifi-
cation.

2. Referenced Documents

2.1 ASTM Standards:3

A 194/A 194M Specification for Carbon and Alloy Steel
Nuts for Bolts for High-Pressure or High-Temperature
Service, or Both

A 320/A 320M Specification for Alloy/Steel Bolting Mate-
rials for Low-Temperature Service

A 354 Specification for Quenched and Tempered Alloy
Steel Bolts, Studs, and Other Externally Threaded Fasten-
ers

A 962/A 962M Specification for Common Requirements
for Steel Fasteners or Fastener Materials, or Both, Intended
for Use at Any Temperature from Cryogenic to the Creep
Range

E 18 Test Methods for Rockwell Hardness and Rockwell
Superficial Hardness of Metallic Materials

E 21 Test Methods for Elevated Temperature Tension Tests
of Metallic Materials

E 112 Test Methods for Determining Average Grain Size
E 139 Test Methods for Conducting Creep, Creep-Rupture,

and Stress-Rupture Tests of Metallic Materials
E 150 Practice for Conducting Creep and Creep-Rupture

Tension Tests of Metallic Materials Under Conditions of
1 This specification is under the jurisdiction of ASTM Committee A01 on Steel,

Stainless Steel and Related Alloys and is the direct responsibility of Subcommittee
A01.22 on Steel Forgings and Wrought Fittings for Piping Applications and Bolting
Materials for Piping and Special Purpose Applications.

Current edition approved Jan. 1, 2004. Published February 2004. Originally
approved in 1936. Last previous edition approved in 2003 as A 193/A 193M-03.

2 For ASME Boiler and Pressure Vessel Code applications, see related Specifi-
cation SA-193 in Section II of that Code.

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. ForAnnual Book of ASTM
Standardsvolume information, refer to the standard’s Document Summary page on
the ASTM website.
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*A Summary of Changes section appears at the end of this standard.
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Rapid Heating and Short Times4

E 151 Practice for Tension Tests of Metallic Materials at
Elevated Temperatures with Rapid Heating and Conven-
tional or Rapid Strain Rates4

E 292 Test Methods for Conducting Time-for-Rupture
Notch Tension Tests of Materials

E 328 Test Methods for Stress-Relaxation Tests for Materi-
als and Structures

E 381 Method of Macroetch Testing Steel Bars, Billets,
Blooms, and Forgings

E 566 Practice for Electromagnetic (Eddy-Current) Sorting
of Ferrous Metals

E 709 Guide for Magnetic Particle Examination
F 606 Test Methods for Determining the Mechanical Prop-

erties of Externally and Internally Threaded Fasteners,
Washers, and Rivets

2.2 ANSI Standards:5

B1.1 Screw Threads
B18.2.1 Square and Hex Bolts and Screws
B18.2.3.1M Metric Hex Cap Screws
B18.3 Hexagon Socket and Spline Socket Screws
B18.3.1M Metric Socket Head Cap Screws
2.3 AIAG Standard:6

AIAG B-5 02.00 Primary Metals Identification Tag Appli-
cation Standard

3. General Requirements and Ordering Information

3.1 Material supplied to this material specification shall
conform to Specification A 962/A 962M. These requirements
outline the testing and retesting methods and procedures,
permissible variations in dimensions, and mass, quality and
repair of defects, etc.

3.2 It is the purchaser’s responsibility to specify in the
purchase order all ordering information necessary to purchase
the needed material. Examples of such information include, but
are not limited to, the ordering information in Specification
A 962/A 962M and the following:

3.2.1 Heat-treated condition (that is, normalized and tem-
pered, or quenched and tempered, for the ferritic materials, and
carbide solution treated (Class 1), carbide solution treated after
finishing (Class 1A), and carbide solution treated and strain-
hardened (Classes 2, 2B and 2C), for the austenitic stainless
steels; Classes 1B and 1C apply to the carbide solution-treated

nitrogen-bearing stainless steels; Class 1D applies to material
carbide solution treated by cooling rapidly from the rolling
temperature),

3.2.2 Description of items required (that is, bars, bolts,
screws, or studs),

3.2.3 Nuts, if required by purchaser, in accordance with
13.1,

3.2.4 Supplementary requirements, if any, and
3.2.5 Special requirements, in accordance with 6.3, 6.5.1,

10.2, 14.1, and 15.1.
3.3 If the requirements of this specification are in conflict

with the requirements of Specification A 962/A 962M the
requirements of this specification shall prevail.

4. Manufacture (Process)

4.1 The steel shall be produced by any of the following
processes: open-hearth, basic-oxygen, electric-furnace, or
vacuum-induction melting (VIM). The molten steel may be
vacuum-treated prior to or during pouring of the ingot or strand
casting.

4.2 Quality—See Specification A 962/A 962M for require-
ments.

5. Discard
5.1 A sufficient discard shall be made to secure freedom

from injurious piping and undue segregation.

6. Heat Treatment
6.1 Ferritic steels shall be properly heat treated as best suits

the high-temperature characteristics of each grade. Immedi-
ately after rolling or forging, the bolting material shall be
allowed to cool to a temperature below the cooling transfor-
mation range. The materials which are to be furnished in the
liquid-quenched condition shall then be uniformly reheated to
the proper temperature to refine the grain (a group thus
reheated being known as aquenching charge) and quenched in
a liquid medium under substantially uniform conditions for
each quenching charge. Use of water quenching is prohibited
for any ferritic grade when heat treatment is part of the fastener
manufacturing process. This prohibition does not apply to heat
treated bar or to fasteners machined therefrom. Material Grade
B16 shall be heated to a temperature range from 1700 to
1750°F [925 to 954°C] and oil quenched. The materials that are
to be furnished in the normalized or air-quenched condition
shall be reheated to the proper temperature to refine the grain
and cooled uniformly in air to a temperature below the
transformation temperature range. The material, whether
liquid-quenched or normalized, shall then be uniformly re-
heated for tempering. The minimum tempering temperature
shall be as specified in Table 2 and Table 3.

4 Withdrawn.
5 Available from American National Standards Institute (ANSI), 25 W. 43rd St.,

4th Floor, New York, NY 10036.
6 Available from Automotive Industry Action Group, 26200 Lahser, Suite 200,

Southfield, MI 48034.
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TABLE 1 Chemical Requirements (Composition, percent) A

Type . . . . . . . . . Ferritic Steels

Grade . . . . . . . . B5 B6 and B6X

UNS Designation . . . . . . . . 5% Chromium 12 % Chromium

S 41000 (410)

Range Product Variation, Range Product Variation
Over or UnderB Over or UnderB

Carbon 0.10 min 0.01 under 0.15 max 0.01 over
Manganese, max 1.00 0.03 over 1.00 0.03 over
Phosphorus, max 0.040 0.005 over 0.040 0.005 over
Sulfur, max 0.030 0.005 over 0.030 0.005 over
Silicon 1.00 max 0.05 over 1.00 max 0.05 over
Chromium 4.0-6.0 0.10 11.5-13.5 0.15
Molybdenum 0.40-0.65 0.05 . . . . . .

Type . . . . . . . . . . Ferritic Steels

Grade . . . . . . B7, B7M B16

Description . . . . . . . . . Chromium-MolybdenumC Chromium-Molybdenum-Vanadium

Product Variation, Product Variation,
Range Over or UnderB Range Over or UnderB

Carbon 0.37-0.49D 0.02 0.36-0.47 0.02
Manganese 0.65-1.10 0.04 0.45-0.70 0.03
Phosphorus, max 0.035 0.005 over 0.035 0.005 over
Sulfur, max 0.040 0.005 over 0.040 0.005 over
Silicon 0.15-0.35 0.02 0.15-0.35 0.02
Chromium 0.75-1.20 0.05 0.80-1.15 0.05
Molybdenum 0.15-0.25 0.02 0.50-0.65 0.03
Vanadium . . . . . . 0.25-0.35 0.03
Aluminum, max %E . . . . . . 0.015 . . .

Type Austenitic Steels,F Classes 1, 1A, 1D, and 2

Grade . . B8, B8A B8C, B8CA B8M, B8MA, B8M2, B8M3 B8P, B8PA

UNS Designation . . . . . . S 30400 (304) S 34700 (347) S 31600 (316) S 30500

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Carbon, max 0.08 0.01 over 0.08 0.01 over 0.08 0.01 over 0.12 0.01 over
Manganese, max 2.00 0.04 over 2.00 0.04 over 2.00 0.04 over 2.00 0.04 over
Phosphorus, max 0.045 0.010 over 0.045 0.010 over 0.045 0.010 over 0.045 0.010 over
Sulfur, max 0.030 0.005 over 0.030 0.005 over 0.030 0.005 over 0.030 0.005 over
Silicon, max 1.00 0.05 over 1.00 0.05 over 1.00 0.05 over 1.00 0.05 over
Chromium 18.0-20.0 0.20 17.0-19.0 0.20 16.0-18.0 0.20 17.0-19.0 0.20
Nickel 8.0-11.0 0.15 9.0-12.0 0.15 10.0-14.0 0.15 11.0-13.0 0.15
Molybdenum . . . . . . . . . . . . 2.00-3.00 0.10 . . . . . .
Columbium + . . . . . . 10 x carbon 0.05 under . . . . . . . . . . . .

tantalum content, min;
1.10 max
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TABLE 1 Continued

Type . . . . . . . . . . Austenitic Steels,F Classes 1A, 1B, 1D, and 2

Grade . . . . . B8N, B8NA B8MN, B8MNA B8MLCuN, B8MLCuNA

UNS Designation . . . . . . . . . . S 30451 (304N) S 31651 (316N) S 31254

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Range

Carbon, max 0.08 0.01 over 0.08 0.01 over 0.020
Manganese, max 2.00 0.04 over 2.00 0.04 over 1.00
Phosphorus, max 0.045 0.010 over 0.045 0.010 over 0.030
Sulfur, max 0.030 0.005 over 0.030 0.005 over 0.010
Silicon, max 1.00 0.05 over 1.00 0.05 over 0.80
Chromium 18.0-20.0 0.20 16.0-18.0 0.20 19.5-20.5
Nickel 8.0-11.0 0.15 10.0-13.0 0.15 17.5-18.5
Molybdenum . . . . . . 2.00-3.00 0.10 6.0-6.5
Nitrogen 0.10-0.16 0.01 0.10-0.16 0.01 0.18-0.22
Copper . . . . . . . . . . . . 0.50-1.00

Type. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Austenitic SteelsF, Classes 1, 1A, and 2

Grade . . . . . . . . . . . . . . . . . . B8T, B8TA

UNS Designation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S 32100 (321)

Range
Product Variation,
Over or UnderB

Carbon, max 0.08 0.01 over
Manganese, max 2.00 0.04 over
Phosphorus, max 0.045 0.010 over
Sulfur, max 0.030 0.005 over
Silicon, max 1.00 0.05 over
Nickel 9.0-12.0 0.15
Chromium 17.0-19.0 0.20
Titanium 5 x (C + N) min, 0.70 max 0.05 under

Type Austenitic SteelsF, Classes 1C and 1D

Grade B8R, B8RA B8S, B8SA

UNS Designation S 20910 S 21800

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Carbon, max 0.06 0.01 over 0.10 0.01 over
Manganese 4.0-6.0 0.05 7.0-9.0 0.06
Phosphorus, max 0.045 0.005 over 0.060 0.005 over
Sulfur, max 0.030 0.005 over 0.030 0.005 over
Silicon 1.00 max 0.05 over 3.5-4.5 0.15
Chromium 20.5-23.5 0.25 16.0-18.0 0.20
Nickel 11.5-13.5 0.15 8.0-9.0 0.10
Molybdenum 1.50-3.00 0.10 . . . . . .
Nitrogen 0.20-0.40 0.02 0.08-0.18 0.01
Columbium + tantalum 0.10-0.30 0.05 . . . . . .
Vanadium 0.10-0.30 0.02 . . . . . .

Type Austenitic SteelsF, Classes 1, 1A and 1D

Grade B8LN, B8LNA B8MLN, B8MLNA

UNS Designation S 30453 S 31653

Range
Product Variation,
Over or UnderB

Range
Product Variation,
Over or UnderB

Carbon, max 0.030 0.005 over 0.030 0.005 over
Manganese 2.00 0.04 over 2.00 0.04 over
Phosphorus, max 0.045 0.010 over 0.045 0.010 over
Sulfur, max 0.030 0.005 over 0.030 0.005 over
Silicon 1.00 0.05 over 1.00 0.05 over
Chromium 18.0-20.0 0.20 16.0-18.0 0.20
Nickel 8.0-11.0 0.15 10.0-13.0 0.15
Molybdenum . . . . . . 2.00-3.00 0.10
Nitrogen 0.10-0.16 0.01 0.10-0.16 0.01

A The intentional addition of Bi, Se, Te, and Pb is not permitted.
B Product analysis—Individual determinations sometimes vary from the specified limits on ranges as shown in the tables. The several determinations of any individual

element in a heat may not vary both above and below the specified range.
C Typical steel compositions used for this grade include 4140, 4142, 4145, 4140H, 4142H, and 4145H.
D For bar sizes over 31⁄2 in. [90 mm], inclusive, the carbon content may be 0.50 %, max. For the B7M grade, a minimum carbon content of 0.28 % is permitted, provided

that the required tensile properties are met in the section sizes involved; the use of AISI 4130 or 4130H is allowed.
E Total of soluble and insoluble.
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F Classes 1 and 1D are solution treated. Classes 1, 1B, and some 1C (B8R and B8S) products are made from solution treated material. Class 1A (B8A, B8CA, B8MA,
B8PA, B8TA, B8LNA, B8MLNA, B8NA, and B8MNA) and some Class 1C (B9RA and B8SA) products are solution treated in the finished condition. Class 2 products are
solution treated and strain hardened.

TABLE 2 Mechanical Requirements — Inch Products

Grade Diameter, in.

Minimum
Tempering

Temperature,
°F

Tensile
Strength,
min, ksi

Yield Strength,
min, 0.2 %

offset,
ksi

Elongation
in 4D,
min, %

Reduction
of Area,
min, %

Hardness,
max

Ferritic Steels

B5
4 to 6 % chromium up to 4, incl 1100 100 80 16 50 . . .

B6
13 % chromium up to 4, incl 1100 110 85 15 50 . . .

B6X
13 % chromium up to 4, incl 1100 90 70 16 50 26 HRC

B7
Chromium-molybdenum 21⁄2 and under 1100 125 105 16 50 321 HB or

35 HRC
over 21⁄2 to 4 1100 115 95 16 50 321 HB or

35 HRC
over 4 to 7 1100 100 75 18 50 321 HB or

35 HRC
B7MAChromium-molybdenum 4 and under 1150 100 80 18 50 235 HB or

99 HRB
over 4 to 7 1150 100 75 18 50 235 BHN or

99 HRB
B16

Chromium-molybdenum-vanadium 21⁄2 and under 1200 125 105 18 50 321 HB or
35 HRC

over 21⁄2 to 4 1200 110 95 17 45 321 HB or
35 HRC

over 4 to 8 1200 100 85 16 45 321 HB or
35 HRC

Grade, Diameter, in. Heat TreatmentB

Tensile
Strength,
min, ksi

Yield
Strength,
min, 0.2
% offset,

ksi

Elongation
in 4 D,
min %

Reduction
of Area,
min %

Hardness,
max

Austenitic Steels

Classes 1 and 1D; B8, B8M, B8P,
B8LN,

carbide solution treated 75 30 30 50 223 HBC or 96 HRB

B8MLN, all diameters
Class 1: B8C, B8T, all

diameters
carbide solution treated 75 30 30 50 223 HBC or 96HRB

Class 1A: B8A, B8CA, B8MA,
B8PA, B8TA, B8LNA, B8MLNA,
B8NA, B8MNA
B8MLCuNA, all diameters

carbide solution treated in the finished
condition

75 30 30 50 192 HB or 90 HRB

Classes 1B and 1D: B8N, B8MN,
and

carbide solution treated 80 35 30 40 223 HBC or 96 HRB

B8MLCuN, all diameters
Classes 1C and 1D: B8R, all
diameters

carbide solution treated 100 55 35 55 271 HB or 28 HRC

Class 1C: B8RA, all diameters carbide solution treated in the finished
condition

100 55 35 55 271 HB or 28 HRC

Classes 1C and 1D: B8S, all
diameters

carbide solution treated 95 50 35 55 271 HB or 28 HRC

Classes 1C: B8SA, carbide solution treated in the finished 95 50 35 55 271 HB or 28 HRC
all diameters condition

Class 2: B8, B8C, B8P, B8T, and
B8N,D
3⁄4 and under

carbide solution treated and strain
hardened

125 100 12 35 321 HB or 35 HRC

over 3⁄4 to 1, incl 115 80 15 35 321 HB or 35 HRC
over 1 to 11⁄4 , incl 105 65 20 35 321 HB or 35 HRC
over 11⁄4 to 11⁄2 , incl 100 50 28 45 321 HB or 35 HRC

Class 2: B8M, B8MN, B8MLCuND

3⁄4 and under
carbide solution treated and strain
hardened

110 95 15 45 321 HB or 35 HRC

over 3⁄4 to 1 incl 100 80 20 45 321 HB or 35 HRC
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TABLE 2 Continued

Grade, Diameter, in. Heat TreatmentB

Tensile
Strength,
min, ksi

Yield
Strength,
min, 0.2
% offset,

ksi

Elongation
in 4 D,
min %

Reduction
of Area,
min %

Hardness,
max

Austenitic Steels

Over 1 to 11⁄4 , incl 95 65 25 45 321 HB or 35 HRC
over 11⁄4 to 11⁄2 , incl 90 50 30 45 321 HB or 35 HRC

Class 2B: B8, B8M2D

2 and under
carbide solution treated and strain
hardened

95 75 25 40 321 HB or 35 HRC

over 2 to 21⁄2 incl 90 65 30 40 321 HB or 35 HRC
over 21⁄2 to 3 incl 80 55 30 40 321 HB or 35 HRC

Class 2C: B8M3D

2 and under
carbide solution treated and strain
hardened

85 65 30 60 321 HB or 35 HRC

over 2 85 60 30 60 321 HB or 35 HRC
A To meet the tensile requirements, the Brinell hardness shall be over 200 HB (93 HRB).
B Class 1 is solution treated. Class 1A is solution treated in the finished condition for corrosion resistance; heat treatment is critical due to physical property requirement.

Class 2 is solution treated and strain hardened. Austenitic steels in the strain-hardened condition may not show uniform properties throughout the section particularly in
sizes over 3⁄4 in. in diameter.

C For sizes 3⁄4 in. in diameter and smaller, a maximum hardness of 241 HB (100 HRB) is permitted.
D For diameters 11⁄2 and over, center (core) properties may be lower than indicated by test reports which are based on values determined at 1⁄2 radius.

TABLE 3 Mechanical Requirements —Metric Products

Class Diameter, [mm]

Minimum
Tempering

Temperature,
°C

Tensile
Strength,

min,
MPa

Yield Strength,
min, 0.2 %

offset,
MPa

Elongation
in 4D,
min, %

Reduction
of Area,
min, %

Hardness,
max

Ferritic Steels

B5
4 to 6 % chromium up to M100, incl 593 690 550 16 50 . . .

B6
13 % chromium up to M100, incl 593 760 585 15 50 . . .

B6X
13 % chromium up to M100, incl 593 620 485 16 50 26 HRC

B7
Chromium-molybdenum M64 and under 593 860 720 16 50 321 HB or

35 HRC
over M64 to M100 593 795 655 16 50 321 HB or

35 HRC
over M100 to M180 593 690 515 18 50 321 HB or

35 HRC
B7MAChromium-molybdenum M100 and under 620 690 550 18 50 235 HB or

99 HRB
over M100 to M180 620 690 515 18 50 235 BHN or

99 HRB
B16

Chromium-molybdenum-vanadium M64 and under 650 860 725 18 50 321 HB or
35 HRC

over M64 to M100 650 760 655 17 45 321 HB or
35 HRC

over M100 to M180 650 690 586 16 45 321 HB or
35 HRC

Class Diameter, mm Heat TreatmentB

Tensile
Strength,

min,
MPa

Yield
Strength,
min, 0.2
% offset,

MPa

Elongation
in 4 D,
min %

Reduction
of Area,
min %

Hardness,
max

Austenitic Steels

Classes 1 and 1D; B8, B8M, B8P, B8LN, carbide solution treated 515 205 30 50 223 HBC or 96 HRB
B8MLN, all diameters

Class 1: B8C, B8T, all
diameters

carbide solution treated 515 205 30 50 223 HBC or 96HRB

Class 1A: B8A, B8CA, B8MA, B8PA,
B8TA, B8LNA, B8MLNA, B8NA, B8MNA
B8MLCuNA, all diameters

carbide solution treated in the finished
condition

515 205 30 50 192 HB or 90 HRB

Classes 1B and 1D: B8N, B8MN, and carbide solution treated 550 240 30 40 223 HBC or 96 HRB
B8MLCuN, all diameters

Classes 1C and 1D: B8R, all diameters carbide solution treated 690 380 35 55 271 HB or 28 HRC
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TABLE 3 Continued

Class Diameter, mm Heat TreatmentB

Tensile
Strength,

min,
MPa

Yield
Strength,
min, 0.2
% offset,

MPa

Elongation
in 4 D,
min %

Reduction
of Area,
min %

Hardness,
max

Austenitic Steels

Class 1C: B8RA, all diameters carbide solution treated in the finished
condition

690 380 35 55 271 HB or 28 HRC

Classes 1C and 1D: B8S, all diameters carbide solution treated 655 345 35 55 271 HB or 28 HRC
Classes 1C: B8SA, carbide solution treated in the finished 655 345 35 55 271 HB or 28 HRC

all diameters condition
Class 2: B8, B8C, B8P, B8T, and B8N,D

M20 and under
carbide solution treated and strain
hardened

860 690 12 35 321 HB or 35 HRC

over M20 to M24, incl 795 550 15 35 321 HB or 35 HRC
over M24 to M30, incl 725 450 20 35 321 HB or 35 HRC
over M30 to M36, incl 690 345 28 45 321 HB or 35 HRC

Class 2: B8M, B8MN, B8MLCuN,D

M20 and under
carbide solution treated and strain
hardened

760 655 15 45 321 HB or 35 HRC

over M20 to M24, incl 690 550 20 45 321 HB or 35 HRC
over M24 to M30, incl 655 450 25 45 321 HB or 35 HRC
over M30 to M36, incl 620 345 30 45 321 HB or 35 HRC

Class 2B: B8, B8M2,D

M48 and under
carbide solution treated and strain
hardened

655 515 25 40 321 HB or 35 HRC

over M48 to M64, incl 620 450 30 40 321 HB or 35 HRC
over M64 to M72, incl 550 380 30 40 321 HB or 35 HRC

Class 2C: B8M3,D

M48 and under
carbide solution treated and strain
hardened

585 450 30 60 321 HB or 35 HRC

over M48 585 415 30 60 321 HB or 35 HRC
A To meet the tensile requirements, the Brinell hardness shall be over 200 HB (93 HRB).
B Class 1 is solution treated. Class 1A is solution treated in the finished condition for corrosion resistance; heat treatment is critical due to physical property requirement.

Class 2 is solution treated and strain hardened. Austenitic steels in the strain-hardened condition may not show uniform properties throughout the section particularly in
sizes over M20 mm in diameter

C For sizes M20 mm in diameter and smaller, a maximum hardness of 241 HB (100 HRB) is permitted.
D For diameters M38 and over, center (core) properties may be lower than indicated by test reports which are based on values determined at 1⁄2 radius.

6.1.1 Quenched and tempered or normalized and tempered
ferritic material that is subsequently cold drawn for dimen-
sional control shall be stress-relieved after cold drawing. The
minimum stress-relief temperature shall be 100°F [55°C]
below the tempering temperature. Tests for mechanical prop-
erties shall be performed after stress relieving.

6.2 Both B6 and B6X materials shall be held, at the
tempering temperature for a minimum time of 1 h. Identifica-
tion Symbol B 6X material may be furnished in the as-rolled-
and-tempered condition. Cold working is permitted with the
hardness limitation (26 HRC maximum) of Table 2 for the
B 6X grade.

6.3 All austenitic stainless steels shall receive a carbide
solution treatment (see 6.3.1-6.3.4 for specific requirements for
each class). Classes 1, 1B, 1C (Grades B8R and B8S only), 2,
2B, and 2C can apply to bar, wire, and finished fasteners. Class
1A (all grades) and Class 1C (grades B8RA and B8SA only)
can apply to finished fasteners. Class 1D applies only to bar
and wire and finished fasteners that are machined directly from
Class 1D bar or wire without any subsequent hot or cold
working.

6.3.1 Classes 1 and 1B, and Class 1C Grades B8R and
B8S—After rolling of the bar, forging, or heading, whether
done hot or cold, the material shall be heated from ambient
temperature and held a sufficient time at a temperature at which
the chromium carbide will go into solution and then shall be
cooled at a rate sufficient to prevent the precipitation of the
carbide.

6.3.2 Class 1D—Rolled or forged Grades B8, B8M, B8P,
B8LN, B8MLN, B8N, B8MN, B8R, and B8S bar shall be
cooled rapidly immediately following hot working while the
temperature is above 1750°F [955°C] so that grain boundary
carbides are in solution. Class 1D shall be restricted to
applications at temperatures less than 850°F [455°C].

6.3.3 Class 1A and Class 1C Grades B8RA and B8SA—
Finished fasteners shall be carbide solution treated after all
rolling, forging, heading, and threading operations are com-
plete. This designation does not apply to starting material such
as bar. Fasteners shall be heated from ambient temperature and
held a sufficient time at a temperature at which the chromium
carbide will go into solution and then shall be cooled at a rate
sufficient to prevent the precipitation of the carbide.

6.3.4 Classes 2, 2B, and 2C—Material shall be carbide
solution treated by heating from ambient temperature and
holding a sufficient time at a temperature at which the
chromium carbide will go into solution and then cooling at a
rate sufficient to prevent the precipitation of the carbide.
Following this treatment the material shall then be strain
hardened to achieve the required properties.

NOTE 4—Heat treatment following operations performed on a limited
portion of the product, such as heading, may result in non-uniform grain
size and mechanical properties through the section affected.

6.4 If scale-free bright finish is required, this shall be
specified in the purchase order.

6.5 B7 and B7M bolting material shall be heat treated by
quenching in a liquid medium and tempering. For B7M
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bolting, the final heat treatment, which may be the tempering
operation if conducted at 1150°F [620°C] minimum, shall be
done after all machining and forming operations, including
thread rolling and any type of cutting. Surface preparation for
hardness testing, nondestructive evaluation, or ultrasonic bolt
tensioning is permitted.

6.5.1 Unless otherwise specified, material for Grade B7 may
be heat treated by the Furnace, the Induction or the Electrical
Resistance method.

NOTE 5—It should be taken into consideration that stress-relaxation
properties may vary from heat lot to heat lot or these properties may vary
from one heat treating method to another. The purchaser may specify
Supplementary Requirement S8, if stress-relaxation testing is desired.

7. Chemical Composition

7.1 Each alloy shall conform to the chemical composition
requirements prescribed in Table 1.

7.2 The steel shall not contain an unspecified element for
the ordered grade to the extent that the steel conforms to the
requirements of another grade for which that element is a
specified element. Furthermore, elements present in concentra-
tions greater than 0.75 weight/% shall be reported.

8. Heat Analysis

8.1 An analysis of each heat of steel shall be made by the
manufacturer to determine the percentages of the elements
specified in Section 7. The chemical composition thus deter-
mined shall be reported to the purchaser or the purchaser’s
representative, and shall conform to the requirements specified
in Section 7. Should the purchaser deem it necessary to have
the transition zone of two heats sequentially cast discarded, the
purchaser shall invoke Supplementary Requirement S3 of
Specification A 788.

9. Mechanical Properties

9.1 Tensile Properties:
9.1.1 Requirements—The material as represented by the

tension specimens shall conform to the requirements pre-
scribed in Table 2 at room temperature after heat treatment.

9.1.2 Full Size Fasteners, Wedge Tensile Testing—When
applicable, see 12.1.3, headed fasteners shall be wedge tested
full size and shall conform to the tensile strength shown in
Table 2. The minimum full size breaking strength (lbf) for
individual sizes shall be as follows:

Ts5 UTS3 As (1)

where:
Ts = wedge tensile strength,
UTS = tensile strength specified in Table 2, and
As = stress area, square inches, as shown in ANSI B1.1 or

calculated as follows:

As5 0.785~D – ~0.974/n!! 2 (2)

where:
D = nominal thread size, and
n = the number of threads per inch.

9.2 Hardness Requirements:

9.2.1 The hardness shall conform to the requirements pre-
scribed in Table 2. Hardness testing shall be performed in
accordance with either Specification A 962/A 962M or with
Test Methods F 606.

9.2.2 Grade B7M—The maximum hardness of the grade
shall be 235 HB or 99 HRB. The minimum hardness shall not
be less than 200 HB or 93 HRB. Conformance to this hardness
shall be ensured by testing the hardness of each stud or bolt by
Brinell or Rockwell B methods in accordance with 9.2.1. The
use of 100 % electromagnetic testing for hardness as an
alternative to 100 % indentation hardness testing is permissible
when qualified by sampling using indentation hardness testing.
Each lot tested for hardness electromagnetically shall be 100 %
examined in accordance with Practice E 566. Following elec-
tromagnetic testing for hardness a random sample of a mini-
mum of 100 pieces of each heat of steel in each lot (as defined
in 12.1.1) shall be tested by indentation hardness methods. All
samples must meet hardness requirements to permit acceptance
of the lot. If any one sample is outside of the specified
maximum or minimum hardness, the lot shall be rejected and
either reprocessed and resampled or tested 100 % by indenta-
tion hardness methods. Product that has been 100 % tested and
found acceptable shall have a line under the grade symbol.

9.2.2.1 Surface preparation for indentation hardness testing
shall be in accordance with Test Methods E 18. Hardness tests
shall be performed on the end of the bolt or stud. When this is
impractical, the hardness test shall be performed elsewhere.

10. Workmanship, Finish, and Appearance

10.1 Bolts, screws, studs, and stud bolts shall be pointed and
shall have a workmanlike finish. Points shall be flat and
chamfered or rounded at option of the manufacturer. Length of
point on studs and stud bolts shall be not less than one nor more
than two complete threads as measured from the extreme end
parallel to the axis. Length of studs and stud bolts shall be
measured from first thread to first thread.

10.2 Bolt heads shall be in accordance with the dimensions
of ANSI B18.2.1 or ANSI B18.2.3.1M. Unless otherwise
specified in the purchase order, the Heavy Hex Screws Series
should be used, except the maximum body diameter and radius
of fillet may be the same as for the Heavy Hex Bolt Series. The
body diameter and head fillet radius for sizes of Heavy Hex
Cap Screws and Bolts that are not shown in their respective
tables in ANSI B18.2.1 or ANSI B18.2.3.1M may be that
shown in the corresponding Hex Cap Screw and Bolt Tables
respectively. Socket head fasteners shall be in accordance with
ANSI B18.3 or ANSI B18.3.1M.

11. Retests

11.1 If the results of the mechanical tests of any test lot do
not conform to the requirements specified, the manufacturer
may retreat such lot not more than twice, in which case two
additional tension tests shall be made from such lot, all of
which shall conform to the requirements specified.

12. Test Specimens

12.1 Number of Tests—For heat-treated bars, one tension
test shall be made for each diameter of each heat represented in
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each tempering charge. When heat treated without interruption
in continuous furnaces, the material in a lot shall be the same
heat, same prior condition, same size, and subjected to the
same heat treatment. Not fewer than two tension tests are
required for each lot containing 20 000 lb [9000 kg] or less.
Every additional 10 000 lb [4500 kg] or fraction thereof
requires one additional test.

12.1.1 For studs, bolts, screws, and so forth, one tension test
shall be made for each diameter of each heat involved in the
lot. Each lot shall consist of the following:

Diameter, in. [mm] Lot Size
11⁄8 [30] and under 1500 lb [780 kg] or fraction thereof
Over 11⁄8 [30] to 13⁄4 [42], incl 4500 lb [2000 kg] or fraction thereof
Over 13⁄4 [42] to 21⁄2 [64], incl 6000 lb [2700 kg] or fraction thereof
Over 21⁄2 [64] 100 pieces or fraction thereof

12.1.2 Tension tests are not required to be made on bolts,
screws, studs, or stud bolts that are fabricated from heat-treated
bars furnished in accordance with the requirements of this
specification and tested in accordance with 12.1, provided they
are not given a subsequent heat treatment.

12.1.3 Full Size Specimens, Headed Fasteners—Headed
fasteners 11⁄2 in. in body diameter and smaller, with body
length three times the diameter or longer, and that are produced
by upsetting or forging (hot or cold) shall be subjected to full
size testing in accordance with 9.1.2. This testing shall be in
addition to tensile testing as specified in 9.1.1. The lot size shall
be as shown in 12.1.1. Failure shall occur in the body or
threaded section with no failure, or indications of failure, such
as cracks, at the junction of the head and shank.

13. Nuts

13.1 Bolts, studs, and stud bolts shall be furnished with
nuts, when specified in the purchase order. Nuts shall conform
to Specification A 194/A 194M.

14. Rejection and Rehearing

14.1 Unless otherwise specified in the basis of purchase, any
rejection based on product analysis shall be reported to the
manufacturer within 30 days from the receipt of samples by the
purchaser.

14.2 Material that shows defects subsequent to its accep-
tance at the place of manufacture shall be rejected, and the
manufacturer shall be notified.

14.3 Product Analysis—Samples that represent rejected ma-
terial shall be preserved for two weeks from the date of the test
report. In the case of dissatisfaction with the results of the test,
the manufacturer may make claim for a rehearing within that
time.

15. Certification

15.1 The producer of the raw material or finished fasteners
shall furnish a certification to the purchaser or his representa-

tive showing the results of the chemical analysis, macroetch
examination (Carbon and Alloy Steels Only), and mechanical
tests, and state the method of heat treatment employed.

15.2 Certification shall also include at least the following:
15.2.1 A statement that the material or the fasteners, or both,

were manufactured, sampled, tested, and inspected in accor-
dance with the specification and any supplementary require-
ments or other requirements designated in the purchase order
or contract and was found to meet those requirements.

15.2.2 The specification number, year date, and identifica-
tion symbol.

16. Product Marking

16.1 Grade/class and manufacturer’s identification symbols
shall be applied to one end of studs3⁄8 in. [10 mm] in diameter
and larger and to the heads of bolts1⁄4 in. [6 mm] in diameter
and larger. (If the available area is inadequate, the grade
symbol may be marked on one end and the manufacturer’s
identification symbol marked on the other end.) The identifi-
cation symbol shall be as shown in Table 4 and Table 5. Grade
B7M, which has been 100 % evaluated in conformance with
the specification, shall have a line under the grade symbol to
distinguish it from B7M produced to previous specification
revisions not requiring 100 % hardness testing.

16.2 For bolting materials, including threaded bars, that are
furnished bundled and tagged or boxed, the tags and boxes
shall carry the grade symbol for the material identification and
the manufacturer’s identification mark or name.

16.3 For purposes of identification marking, the manufac-
turer is considered the organization that certifies the fastener
was manufactured, sampled, tested, and inspected in accor-
dance with the specification and the results have been deter-
mined to meet the requirements of this specification.

16.4 Bar Coding—In addition to the requirements in 16.1,
16.2, and 16.3, bar coding is acceptable as a supplementary
identification method. Bar coding should be consistent with
AIAG Standard B-5 02.00. If used on small items, the bar code
may be applied to the box or a substantially applied tag.

17. Keywords

17.1 hardness; heat treatment

TABLE 4 Marking of Ferritic Steels

Grade Marking

B5 B5
B6 B6
B6X B6X
B7 B7

B7MA B7M
B7M

B16 B16
A For explanations, see 9.2.2 and 16.1.
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TABLE 5 Marking of Austenitic Steels A

Class Grade Marking

Class 1 B8 B8
B8C B8C
B8M B8M
B8P B8P
B8T B8T
B8LN B8F
B8MLN B8G

Class 1A B8A B8A
B8CA B8B
B8MA B8D
B8PA B8H
B8TA B8J
B8LNA B8L
B8MLNA B8K
B8NA B8V
B8MNA B8W
B8MLCuNA B9K

Class 1B B8N
B8MN
B8MLCuN

B8N
B8Y
B9J

Class 1C B8R B9A
B8RA B9B
B8S B9D
B8SA B9F

Class 1D B8 B94
B8M B95
B8P B96
B8LN B97
B8MLN B98
B8N B99
B8MN B100
B8R B101
B8S B102

Class 2 B8 B8
B8C B8C
B8P B8P
B8T B8T
B8N B8N
B8M B8M
B8MN B8Y
B8MLCuN B9J

Class 2B B8M2
B8

B9G
B9

Class 2C B8M3 B9H
A Classes 1, 1A, 1B, 1C, 2, 2B, and 2C may be marked with either grade or

marking listed. Class 1D may only be marked with marking listed.
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SUPPLEMENTARY REQUIREMENTS

These requirements shall not apply unless specified in the order and in the Ordering Information,
in which event the specified tests shall be made before shipment of the product.

S1. High-Temperature Tests
S1.1 Tests to determine high temperature properties shall be

made in accordance with Test Methods E 21, E 139, and E 292,
and Practices E 150 and E 151.

S2. Charpy Impact Tests
S2.1 Charpy impact tests based on the requirements of

Specification A 320/A 320M, Sections 6 and 7, shall be made
as agreed between the manufacturer and the purchaser. When
testing temperatures are as low as those specified in Specifi-
cation A 320/A 320M, bolting should be ordered to that speci-
fication in preference to this specification.

S3. 100 % Hardness Testing of Grade B7M
S3.1 Each Grade B7M bolt or stud shall be tested for

hardness by indentation method and shall meet the require-
ments specified in Table 2.

S4. Hardness Testing of Grade B16
S4.1 For bolts or studs 21⁄2 in. [65 mm] or smaller, the

hardness for Grade B16 shall be measured on or near the end
of each bolt or stud using one of the methods prescribed in
9.2.1 for the Brinell or Rockwell C test. The hardness shall be
in the range 253–319 HB or 25–34 HRC.

S5. Product Marking
S5.1 Grade and manufacturer’s identification symbols shall

be applied to one end of studs and to the heads of bolts of all
sizes. (If the available area is inadequate, the grade symbol
may be marked on one end and the manufacturer’s identifica-
tion symbol marked on the other end.) For bolts smaller than1⁄4
in. [6 mm] in diameter and studs smaller than3⁄8 in. [10 mm]
in diameter and for1⁄4 in. [6 mm] in diameter studs requiring
more than a total of three symbols, the marking shall be a
matter of agreement between the purchaser and the manufac-
turer.

S6. Stress Relieving
S6.1 A stress-relieving operation shall follow straightening

after heat treatment.

S6.2 The minimum stress-relieving temperature shall be
100°F [55°C] below the tempering temperature. Tests for
mechanical properties shall be performed after stress relieving.

S7. Magnetic Particle Inspection

S7.1 Bars shall be magnetic particle examined in accor-
dance with Guide E 709. Bars with indications of cracks or
seams are subject to rejection if the indications extend more
than 3 % of the diameter into the bar.

S8. Stress-Relaxation Testing

S8.1 Stress-Relaxation Testing, when required, shall be
done in accordance with Test Methods E 328. The test shall be
performed at 850°F [454°C] for a period of 100 h. The initial
stress shall be 50 M psi [345 MPa]. The residual stress at 100
h shall be 17 M psi [117 MPa] minimum.

S9. Grain Size Requirements for Non H Grade
Austenitic Steels Used Above 1000°F

S9.1 For design metal temperatures above 1000°F [540°C],
the material shall have a grain size of No. 7 or coarser as
determined in accordance with Test Methods E 112. The grain
size so determined shall be reported on the Certificate of Test.

S10. Hardness Testing of Class 2 Bolting Materials for
ASME Applications

S10.1 The maximum hardness shall be Rockwell C35 im-
mediately under the thread roots. The hardness shall be taken
on a flat area at least1⁄8 in. [3 mm] across, prepared by
removing threads, and no more material than necessary shall be
removed to prepare the flat areas. Hardness determinations
shall be made at the same frequency as tensile tests.

S11. Thread Forming

S11.1 Threads shall be formed after heat treatment. Appli-
cation of this supplemental requirement to grade B7M or the
grades listed in 6.3.3 is prohibited.
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APPENDIX

(Nonmandatory Information)

X1. STRAIN HARDENING OF AUSTENITIC STEELS

X1.1 Strain hardening is the increase in strength and
hardness that results from plastic deformation below the
recrystallization temperature (cold work). This effect is pro-
duced in austenitic stainless steels by reducing oversized bars
or wire to the desired final size by cold drawing or other
process. The degree of strain hardening achievable in any alloy
is limited by its strain hardening characteristics. In addition, the
amount of strain hardening that can be produced is further
limited by the variables of the process, such as the total amount
of cross-section reduction, die angle, and bar size. In large
diameter bars, for example, plastic deformation will occur
principally in the outer regions of the bar so that the increased
strength and hardness due to strain hardening is achieved
predominantly near the surface of the bar. That is, the smaller

the bar, the greater the penetration of strain hardening.

X1.2 Thus, the mechanical properties of a given strain
hardened fastener are dependent not just on the alloy, but also
on the size of bar from which it is machined. The minimum bar
size that can be used, however, is established by the configu-
ration of the fastener so that the configuration can affect the
strength of the fastener.

X1.3 For example, a stud of a particular alloy and size may
be machined from a smaller diameter bar than a bolt of the
same alloy and size because a larger diameter bar is required to
accommodate the head of the bolt. The stud, therefore, is likely
to be stronger than the same size bolt in a given alloy.

SUMMARY OF CHANGES

Committee A01 has identified the location of selected changes to this specification since the last issue,
A 193/A 193M – 03, that may impact the use of this specification. (Approved January 1, 2004).

(1) Corrected Yield Strength for Class 2, B8M, B8MN,
B8MLCuN 3⁄4 (M20) and under in Tables 2 and 3.

(2) Deleted Appendix X2.

Committee A01 has identified the location of selected changes to this specification since the last issue, A 193/A 193M – 01b,
that may impact the use of this specification. (Approved May 10, 2003).

(1) Revised 4.2 to reference the general requirements specifi-
cation for macroetch requirements.

(2) Revised 6.5 to permit surface conditioning prior to testing.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).
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Foreword

This foreword is for information only and is not a part of ANSI/AWWA C207.

I. Introduction.

I.A. Background. Steel flanges have been used with steel pipe in the waterworks

field since the first riveted steel water-supply lines were installed with flanges attached

by riveting. Flanges manufactured according to unofficial flange standards, such as the

riveted-pipe manufacturer’s standards, were in common use for 50 years or more before

the advent of ANSI/AWWA C207. Steel-plate ring flanges and rolled-angle flanges, to

match the drilling of existing cast valves and cast fittings, were also used extensively.

The greatly increased usage of steel pipe for waterworks service during the 1930s

made standardization of flanges desirable. The first step toward standardization was

taken in 1942 when a paper* proposing standards for slip-on steel-ring flanges for

welding to steel water pipe was presented at the annual conference of the American

Water Works Association (AWWA).

In 1945, at the request of the American Society of Mechanical Engineers

(ASME), a committee having representatives from both ASME and AWWA was

formed. The ASME/AWWA committee was charged with establishing standards for

steel flanges having dimensions and pressure ratings commensurate with the pressures

commonly used in waterworks service. The standards were necessary because the

lowest pressure ratings for steel flanges at that time were those having cold-water

pressure ratings of 275 psi (1,896 kPa) (ASME† B16.5, Pipe Flanges and Flanged

Fittings) (150-psi [1,034-kPa] primary pressure rating). The ratings were far higher

than those ordinarily needed for water service.

The generally accepted rules for the design of bolted flanged connections

embraced all fields of usage and a wide range of pressure and temperature

applications. In waterworks practice, it is not necessary, within the scope of this

standard, to deal with temperatures greater than the atmospheric range, and it is

possible to restrict consideration to joints with softer gaskets and to flanges that are

flat faced. The designs were prepared in conformity with these limitations.

*Hill, H.O., et al., Fabricated Steel Ring Flanges for Water Pipe Service for Low Pressure and Low
Temperatures, Jour. AWWA 36(9):968 (September 1944).

† ASME International, Three Park Avenue, New York, NY 10016.
ix

Copyright ©2007 American Water Works Association



The ASME/AWWA committee gave careful consideration to the following:

(1) the effect of new standards on existing equipment; (2) the fact that cast valves and

fittings will always have flanges of large outside diameter, which cannot be reduced

because of the wall thickness of this equipment; (3) the need for interchangeability of

equipment through the medium of common drilling templates; and (4) the fact that

standards could be based on the successful usage and good service records of existing

installations.

A survey of water utility users indicated that it was desirable to maintain the

outside diameter and drilling of flanged fittings and valves given in ANSI/

AWWA C500, Gate Valves for Water and Sewage Systems, and ANSI/AWWA B16.1,

Cast Iron Pipe Flanges and Flanged Fittings (for classes 25, 125, 250, and 800). The

committee decided to follow this practice for sizes 6 in. through 48 in. (150 mm

through 1,200 mm).

In its extensive deliberations, the ASME/AWWA committee had available the

results of special research and testing conducted by Armco Steel Corporation,

Bethlehem Steel Company, and Taylor Forge and Pipe Works. The various design

methods and test results are given in “Steel Ring Flanges for Steel Pipe,” Bulletin

47-A (1947), from the American Rolling Mill Company, Middletown, Ohio. The

design of flanges for waterworks service, with the results of the preceding report, was

published in Journal AWWA in October 1950, pp. 931–944. A discussion in the

paper by Taylor Forge, participants in the ASME/AWWA committee, states the

reasons why a waterworks flange is not an ASME/Taylor Forge flange. Concern about

high secondary stresses at the attachment, e.g., thick material to thin wall pipe, is

covered here along with the published “Design of Wye Branches” (Journal AWWA

June 1955, appendix C, pp. 581–630).

Tables 1 through 6 are based on historical dimensions and are presented without

additional calculations.

I.B. History. The report of the ASME/AWWA committee was approved in

1951, and the first edition of this standard, designated AWWA C207-52T, was

published under the title “Tentative Standard Specifications For Steel Pipe Flanges”

in 1952. That edition covered diameters from 6 in. to 48 in. (150 mm to 1,200 mm)

and pressures through 150 psi (1,034 kPa). In 1954, a committee composed of

Taylor Forge, Armco, Bethlehem, and consulting engineers revised the existing

standard to include diameters through 96 in. (2,400 mm) and pressures to 275 psi

(1,896 kPa). This revision was published under designation AWWA C207-55,
x
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Standard Specifications/Standard For Steel Pipe Flanges. The standard was further

revised and the next edition published in 1978 as ANSI/AWWA C207, Steel Pipe

Flanges For Waterworks Service—Sizes 4 In. Through 144 In. The next edition,

designated C207 with the same title, was published in 1986 and revised the

maximum test pressure to 125 percent of the flange rating, added segmentation of

flanges, blind flanges, class E ring flanges, class F ring and hub flanges, and tolerances

for flange draft or layback. This previous edition was approved by the AWWA Board

of Directors on June 17, 2001. This edition was approved on Jan. 21, 2007.

I.C. Acceptance. In May 1985, the US Environmental Protection Agency

(USEPA) entered into a cooperative agreement with a consortium led by NSF

International (NSF) to develop voluntary third-party consensus standards and a

certification program for direct and indirect drinking water additives. Other

members of the original consortium included the American Water Works Association

Research Foundation (AwwaRF) and the Conference of State Health and Environ-

mental Managers (COSHEM). The American Water Works Association (AWWA)

and the Association of State Drinking Water Administrators (ASDWA) joined later.

In the United States, authority to regulate products for use in, or in contact with,

drinking water rests with individual states.* Local agencies may choose to impose

requirements more stringent than those required by the state. To evaluate the health

effects of products and drinking water additives from such products, state and local

agencies may use various references, including

1. An advisory program formerly administered by USEPA, Office of Drinking

Water, discontinued on Apr. 7, 1990.

2. Specific policies of the state or local agency.

3. Two standards developed under the direction of NSF, NSF†/ANSI‡ 60,

Drinking Water Treatment Chemicals—Health Effects, and NSF/ANSI 61, Drink-

ing Water System Components—Health Effects.

*Persons outside the United States should contact the appropriate authority having jurisdiction.

†NSF International, 789 N. Dixboro Road, Ann Arbor, MI 48105.

‡American National Standards Institute, 25 West 43rd Street, Fourth Floor, New York, NY 10036.
xi
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4. Other references, including AWWA standards, Food Chemicals Codex,* Water

Chemicals Codex,* and other standards considered appropriate by the state or local

agency.

Various certification organizations may be involved in certifying products in

accordance with NSF/ANSI 61. Individual states or local agencies have authority to

accept or accredit certification organizations within their jurisdiction. Accreditation

of certification organizations may vary from jurisdiction to jurisdiction.

Annex A, “Toxicology Review and Evaluation Procedures,” to NSF/ANSI 61

does not stipulate a maximum allowable level (MAL) of a contaminant for substances

not regulated by a USEPA final maximum contaminant level (MCL). The MALs of

an unspecified list of “unregulated contaminants” are based on toxicity testing

guidelines (noncarcinogens) and risk characterization methodology (carcinogens).

Use of Annex A procedures may not always be identical, depending on the certifier.

ANSI/AWWA C207 does not address additives requirements. Thus, users of this

standard should consult the appropriate state or local agency having jurisdiction in

order to

1. Determine additives requirements, including applicable standards.

2. Determine the status of certifications by parties offering to certify products

for contact with, or treatment of, drinking water.

3. Determine current information on product certification.

II. Special Issues. It should be noted that thickness and dimensional design

of ring and hub flanges have been based on references given in the background

section of this foreword, as well as industry standard and other empirical data.

Thickness design of the blind flanges has been based on the ASME Code Design

Method.

III. Use of This Standard. It is the responsibility of the user of an AWWA

standard to determine that the products described in that standard are suitable for use

in the particular application being considered.

III.A. Purchaser Options and Alternatives. When purchasing steel flanges for

steel water pipe, the purchaser shall specify the following:

*Both publications available from National Academy of Sciences, 500 Fifth St., N.W.,
Washington, DC 20001.
xii
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1. Standard used—that is, ANSI/AWWA C207, Steel Pipe Flanges for Water-

works Service—Sizes 4 In. Through 144 In. (100 mm Through 3,600 mm), of latest

edition.

2. Whether compliance with NSF/ANSI 61, Drinking Water System Compo-

nents—Health Effects, is required, in addition to the requirements of the Safe

Drinking Water Act.

3. Type of flanges required—ring or hub type (Sec. 1.1).

4. Details of other federal, state, or provincial, and local requirements

(Sec. 4.1.1).

5. Gaskets—rubber or nonasbestos (Sec. 4.1.5) and gasket thickness for

diameters up to and including 24 in. (610 mm).

6. Coating selection (Sec. 4.4).

7. Pressure rating required (Tables 2 through 7).

8. Class of flange required (Tables 2 through 7).

9. Inside diameter of flanges (Tables 2 through 7).

III.B. Modification to Standard. Any modification to the provisions, defini-

tions, or terminology in the standard must be provided by the purchaser.

IV. Major Revisions. Major revisions made to the standard in this edition

include the following:

1. Added Standards Council materials language (Sec. 4.1.1).

2. Added Standards Council permeation language (Sec. 4.1.2).

3. Added equivalent stainless steel material language (Sec. 4.1.4).

4. Added alternative language for unavailable y value rubber gaskets

(Sec. 4.1.5).

5. Added Sec. 4.2.2.2 on flange face condition.

6. Added new language about fillet weld sizing for flange attachment

(Sec. 4.3.1).

7. Added “impression” in Sec. 6.1.

8. Deleted 138 in. flange information in Tables 2 and 5.

9. Changed flange bore tolerances in Tables 2, 5, and 6.

10. Deleted flange ID (B) values for sizes 26 in. through 48 in. in Table 6.

V. Comments. If you have any comments or questions about this standard,

please call the AWWA Volunteer & Technical Support Group at 303.794.7711, FAX

303.795.7603, write to the group at 6666 West Quincy Avenue, Denver, CO 80235-

3098, or e-mail standards@awwa.org.
xiii
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1

AWWA Standard

ANSI/AWWA C207-07
(Revision of ANSI/AWWA C207-01)

Steel Pipe Flanges for Waterworks 
Service—Sizes 4 In. Through 144 In. 
(100 mm Through 3,600 mm)

SECTION 1: GENERAL

Sec. 1.1 Scope

This standard describes two types of slip-on flanges, ring-type and hub-type,

that may be used interchangeably if the dimensions given in the standard are used.

The standard also describes blind flanges. The flange types and the tables that

describe them are

1. Ring-type, slip-on flanges (see Tables 2, 5, and 6).

2. Hub-type, slip-on flanges (see Tables 3 and 4).

3. Blind flanges (see Table 7).

Unless otherwise specified by the purchaser, the manufacturer shall select the

type to be used.

Sec. 1.2 Purpose

The purpose of this standard is to provide minimum material requirements and

dimensions for a variety of steel flanges for attachment to steel water pipe and

fittings.
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Sec. 1.3 Application

1.3.1 Intended use. Flanges in this standard are intended for use with steel

pipe, fittings, or appurtenances meeting the requirements of ANSI/AWWA C200,

ANSI/AWWA C208, ASTM A134, ASTM A139, or other equivalent standards. It is

intended that flanges be attached by welding in accordance with Sec. 4.3 of this

standard.

1.3.2 Pressure ratings. The following pressure ratings apply to flanges described

in this standard:

1.3.2.1 Class B flanges are suitable for pressure ratings up to and including

86 psi (593 kPa). This rating is identical to that for class B cast-iron fittings for a

200-ft (60.96-m) head of water.

1.3.2.2 Class D flanges are suitable for pressure ratings as follows:

1. Sizes 4 to 12 in. (100 to 300 mm): 175 psi (1,207 kPa).

2. Sizes greater than 12 in. (300 mm): 150 psi (1,034 kPa).

1.3.2.3 Class E flanges are suitable for pressure ratings up to and including

275 psi (1,896 kPa). Dimensions of Table 4 flanges are identical to ASME B16.5

class 150 flanges up to 24 in. (600 mm) (without raised face) and ASME B16.1

class 125 large-diameter flanges above 24 in. (600 mm) (without raised face), except

they shall be faced in accordance with Sec. 4.2.2 of this standard.

1.3.2.4 Class F flanges are suitable for water pressures up to and including

300 psi (2,068 kPa). Flange outside diameter (OD) and bolt-circle dimensions

conform to ASME B16.1, class 250 through 48 in. (1,200 mm), ASME B16.5

class 300 through 24 in. (600 mm), and ASME B16.47 class 300 for 26–30 in.

(650–750 mm).

1.3.2.5 Pressure ratings are for conditions and temperatures customary in

water utility service. The pressure ratings for the flange should be based on the design

of the maximum operating pressure plus the anticipated surge pressure. Test pressures

should not exceed 125 percent of the ratings.

1.3.2.6 Flange design is based on pressure considerations, not for stresses

induced by external moments when pipe acts as a beam. The tables in this standard

have been developed using a design stress of 16,000 psi for the working pressure

design.
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STEEL PIPE FLANGES FOR WATERWORKS SERVICE 3

SECTION 2: REFERENCES

This standard references the following documents. In their latest editions, they

form a part of this standard to the extent specified in this standard. In any case of

conflict, the requirements of this standard shall prevail.

ANSI*/AWS† D1.1—Standard Structural Welding Code—Steel.

ANSI/AWWA C200—Steel Water Pipe–6 In. (150 mm) and Larger.

ANSI/AWWA C203—Coal-Tar Protective Coatings and Linings for Steel Water

Pipelines—Enamel and Tape—Hot-Applied.

ANSI/AWWA C205—Cement–Mortar Protective Lining and Coating for Steel

Water Pipe—4 In. (100 mm) and Larger—Shop Applied.

ANSI/AWWA C208—Dimensions for Fabricated Steel Water Pipe Fittings.

ANSI/AWWA C209—Cold-Applied Tape Coatings for the Exterior of Special

Sections, Connections, and Fittings for Steel Water Pipelines.

ANSI/AWWA C210—Liquid-Epoxy Coating Systems for the Interior and

Exterior of Steel Water Pipelines.

ANSI/AWWA C213—Fusion-Bonded Epoxy Coating for the Interior and

Exterior of Steel Water Pipelines.

ANSI/AWWA C214 —Tape Coating Systems for the Exterior of Steel Water

Pipelines.

ANSI/AWWA C215—Extruded Polyolefin Coatings for the Exterior of Steel

Water Pipelines.

ANSI/AWWA C216—Heat-Shrinkable Cross-Linked Polyolefin Coatings for

the Exterior of Special Sections, Connections, and Fittings for Steel Water Pipelines.

ANSI/AWWA C217—Cold-Applied Petrolatum Tape and Petroleum Wax Tape

Coatings for the Exterior of Special Sections, Connections, and Fittings for Buried or

Submerged Steel Water Pipelines.

ANSI/AWWA C218—Coating the Exterior of Aboveground Steel Water

Pipelines and Fittings.

ANSI/AWWA C222—Polyurethane Coatings for the Interior and Exterior of

Steel Water Pipe and Fittings.

*American National Standards Institute, 25 West 43rd Street, Fourth Floor, New York, NY 10036.

†American Welding Society, 550 N.W. LeJeune Rd., Miami, FL 33126.
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ANSI/AWWA C225—Fused Polyurethane Coating Systems for the Exterior of

Steel Water Pipelines.

ASME—Boiler and Pressure Vessel Codes—Section VIII, Pressure Vessels and

Section IX, Welding Operator Qualification.

ASME* B16.1—Cast Iron Pipe Flanges and Flanged Fittings.

ASME B16.47—Large Diameter Steel Flanges: NPS 26 through NPS 60.

ASME B16.5—Pipe Flanges and Flanged Fittings.

ASME B18.2.1—Square and Hex Bolts and Screws (Inch Series).

ASTM† A36/A36M—Standard Specification for Carbon Structural Steel.

ASTM A105—Standard Specification for Carbon Steel Forgings for Piping

Components.

ASTM A134—Standard Specification for Pipe, Steel, Electric-Fusion (Arc)-

Welded (Sizes NPS 16 and Over).

ASTM A139—Standard Specification for Electric-Fusion (Arc)-Welded Steel

Pipe (NPS 4 and Over).

ASTM A181/A181M—Standard Specification for Carbon Steel Forgings for

General Purpose Piping.

ASTM A193/A193M—Standard Specification for Alloy-Steel and Stainless

Steel Bolting Materials for High-Temperature Service.

ASTM A307—Standard Specification for Carbon Steel Bolts and Studs,

60,000 psi Tensile Strength. 

ASTM A516—Standard Specification for Pressure Vessel Plates, Carbon Steel,

for Moderate- and Lower-Temperature Service.

ASTM D1330—Standard Specification for Rubber Sheet Gaskets.

SECTION 3: DEFINITIONS

The following definitions shall apply in this standard:

1. Manufacturer: The party that manufactures, fabricates, or produces

materials or products.

*ASME International, Three Park Avenue, New York, NY 10016.

†ASTM International, 100 Barr Harbor Dr., West Conshohocken, PA 19428.
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2. Purchaser: The person, company, or organization that purchases any

materials or work to be performed.

SECTION 4: REQUIREMENTS

Sec. 4.1 Material

4.1.1 Materials. Materials shall comply with the requirements of the Safe

Drinking Water Act and other federal requirements. 

4.1.2 Permeation. The selection of materials is critical for water service and

distribution piping in locations where there is likelihood the pipe will be exposed to

significant concentrations of pollutants composed of low molecular weight petroleum

products or organic solvents or their vapors. Documented research has shown that

pipe materials, such as polyethylene, polybutylene, polyvinyl chloride, asbestos

cement, and elastomers, such as used in jointing gaskets and packing glands, are

subject to permeation by lower molecular weight organic solvents or petroleum

products. If a water pipe must pass through such a contaminated area or an area

subject to contamination, consult with the manufacturer regarding permeation of

pipe walls, jointing materials, and so on, before selecting materials for use in that area.

4.1.3 Flanges. Flanges shall be made from seamless forgings, cut from plate as

a single piece, welded bar rings, or segmented and welded plates.

4.1.3.1 Forgings. Forgings shall meet the minimum requirements of

ASTM A105 or A181.

4.1.3.2 Steel plate or bar. Steel plate or bar used in the manufacture of

flanges shall meet the following requirements:

1. Tensile strength (min) = 50,000 psi (345 MPa).

2. Yield strength (min) = 32,000 psi (221 MPa).

3. Carbon (max) = 0.29 percent.

4. Phosphorous (max) = 0.04 percent.

5. Sulfur (max) = 0.05 percent.

The following plate designations shall meet the previously listed requirements:

1. ASTM A36.

2. ASTM A516, grade 60, 65, or 70.

4.1.3.3 Mill test reports. The manufacturer shall provide mill test reports

showing conformance to the physical and chemical requirements on request.
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4.1.4 Bolting. Bolts shall be carbon steel, ASTM A307 grade B, with

ASTM A563 grade A heavy hex nuts for class B and D flanges. Bolts for class E and

F flanges shall be ASTM A193 grade B7 with ASTM A194 grade 2H heavy hex nuts.

Bolts and nuts for buried or submerged service may be furnished from equivalent-

strength stainless steel material if precautions are taken to prevent galling of threads

during tightening. Bolts shall have regular unfinished square or hexagonal heads, and

nuts shall have regular square or hexagonal dimensions, all in accordance with

ANSI B18.2.1 for wrench head bolts and nuts and wrench openings. 

Minimum bolt lengths shall be the sum of the mating flange maximum

thicknesses, the gasket, and the depth of the nut plus 1/8 in. (3.2 mm) minimum

before torquing. If threaded rods are used, they shall be the same length as the bolts

determined previously, plus the depth of the nuts, plus 1/8 in. (3.2 mm).

4.1.5 Gaskets. This standard is predicated on gaskets of the type, thickness, and

material shown in Table l for the class of flange, working pressure, and diameter listed.

Rubber gaskets shall be red rubber (SBR) hardness (Shore A) 80 ± 5, suitable for

water service temperature to 200°F (93.3°C) with gasket yield pressure (design

seating stress, y) of 200 psi (1,379 kPa) minimum to 1,200 psi (8,274 kPa)

maximum, conforming to ASTM D1330, grades I and II. If y values are unavailable,

rubber gaskets shall be rated for 150 psi (1,034 kPa) service by the manufacturer.

Table 1 Flange gasket materials, type and thickness

Flange
Class

Working Pressure Nominal Pipe Diameter Thickness

psi (kPa) in. (mm) Material Type in. (mm)

B 86 (593) 4–24 (100–600) Rubber FF*

*Full faced.

1/16 or 1/8 (1.59 or 3.18)

B 86 (593) 26–144 (650–3,600) Rubber Ring 1/8 (3.18)

D 175 (1,207) 4–12 (100–300) Rubber FF 1/16 or 1/8 (1.59 or 3.18)

D 150 (1,034) 14–24 (350–600) Rubber FF 1/16 or 1/8 (1.59 or 3.18)

D 150 (1,034) 26–144 (650–3,600) Rubber Ring 1/8 (3.18)

E 175 (1,207) 4–12 (100–300) Rubber Ring 1/16 (1.59)

E 150 (1,034) 14–24 (350–600) Rubber Ring 1/16 (1.59)

E 275 (1,896) 4–24 (100–600) Nonasbestos Ring 1/16 (1.59)

E 275 (1,896) 26–144 (650–3,600) Nonasbestos Ring 1/8 (3.18)

F 300 (2,068) 4–24 (100–600) Nonasbestos Ring 1/16 (1.59)

F 300 (2,068) 26–48 (650–1,200) Nonasbestos Ring 1/8 (3.18)
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Nonasbestos gaskets shall be a blend of synthetic fibers, fillers, and elastomeric

binders suitable for potable water service. Gasket yield pressure (design seating stress,

y) shall be 3,000 psi (20.69 MPa) minimum for gaskets 1/16-in. (1.6-mm) thick and

4,000 psi (27.58 MPa) minimum for gasket 1/8-in. (3.2-mm) thick. Gasket shall be

suitable for a maximum seating pressure of 15,000 psi (103.42 MPa).

Ring gasket diameter shall be as follows:

Inside diameter (ID) = flange ID

Outside diameter (OD) = ID of bolt-hole circle less 1/16 in. (1.6 mm)

Sec. 4.2 Fabrication

4.2.1 Tolerances. The dimensions listed in Tables 2 through 7 shall apply prior

to attachment and are subject to the following tolerances:

4.2.1.1 Inside diameter of flange + 1/16 in. (1.6 mm), –0

4.2.1.2 Outside diameter of flange ± 1/8 in. (3.2 mm)

4.2.1.3 Thickness of flanges 18 in. (450 mm)

4.2.1.4 and smaller + 1/8 in. (3.2 mm), –0

4.2.1.4 Thickness of flanges 20 in. (500 mm)

4.2.1.4 and larger + 3/16 in. (4.8 mm), –0

4.2.1.5 Length through hub 18 in. (450 mm)

4.2.1.5 and smaller + 1/8 in. (3.2 mm), 

– 1/32 in. (0.79 mm)

4.2.1.6 Length through hub 20 in. (500 mm)

4.2.1.6 and larger + 3/16 in. (4.8 mm), 

– 1/16 in. (1.6 mm)

4.2.1.7 Bolt-circle diameter  ± 1/16 in. (1.6 mm)

4.2.1.8 Bolt-hole spacing ± 1/32 in. (0.79 mm)

4.2.2 Facing. Flanges of all classes shall be flat faced—that is, without

projection or raised face. Either a serrated concentric or serrated spiral finish having

24 to 55 grooves/in. (0.94 to 2.17 grooves/mm) shall be used. The cutting tool

employed shall have a radius of 0.06 in. (1.52 mm) or larger. The resultant surface

finish shall have a 250- to 500-µin. (6.35- to 12.7-µm) roughness.

4.2.2.2 Flange faces shall be free of lining and coating materials except that a

soluble rust preventive compound is permitted. The gasket seating surface shall not

have protrusions. 
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4.2.3 Drilling. Drilling templates shall be in multiples of four so that fittings

can be made to face any quarter. Bolt holes shall straddle the center line, except where

special mating conditions exist. For flanges up to 84 in. (2,100 mm) in diameter, bolt

holes and shall be drilled 1/8 in. (3.2 mm) larger in diameter than the nominal

diameter of the bolt. For flanges larger than 84 in. (2,100 mm) diameter, bolt holes

shall be drilled 3/16 in. (4.8 mm) larger than the nominal bolt diameter. Bolt holes

may be overdrilled by an additional 1/8 in. (3.2 mm) to accommodate insulators or to

facilitate alignment with the mating flange.

4.2.4 Segmentation of flanges. Flanges shall be constructed by welding

segments together when the OD of a flange exceeds the width of available plate

material (approximately 78-in. [1,950-mm] ID and larger). The maximum number

of segments in a single flange shall be four.

4.2.4.1 Welding of the segments shall be performed in accordance with

Sec. 4.3.2 of this standard.

4.2.4.2 Radiographic or ultrasonic testing of all welds is required and shall be

performed in accordance with the governing welding code as described in Sec. 4.3.2.

4.2.4.3 If any specimen tested in accordance with the approved procedure fails

to meet the requirements, it shall be repaired using the approved repair procedure

and radiographically or ultrasonically tested for conformance. If the retest fails to

conform to the requirements, the flange shall be rejected.

4.2.4.4 Segmented flanges shall be stress-relieved by a method acceptable to

the purchaser. Stress relieving shall be done after welding and before machining.

4.2.5 Blind flanges. Blind flange thicknesses shall be as set forth in Table 7. For

blind flanges over 48-in. (1,200-mm) nominal diameter, it is recommended that a

combination of a ring flange and a flanged and dished head, suitable for the pressure

and design conditions, be used. Blind flanges shall be machine faced to match the

mating flange. The thickness shown in Table 7 is after machining.

Sec. 4.3 Method of Attachment of Flanges

4.3.1 Welding. Flanges shall be attached to pipe, fittings, or other appurte-

nances by means of two fillet welds of the size shown in Figure 1. For wall thicknesses

greater than ¼ in., the fillet weld size, t, may be reduced to the calculated pipe wall

thickness using the rated flange pressure or ¼ in., whichever is greater, with

consideration given to the minimum single-pass fillet weld size and hydrogen-assisted

cracking. When the weld root opening is greater than 1/16 in., increase the weld size
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according to the root opening. Root openings shall not exceed 3/16 in. Whenever

attachment by this means is not practical, the flanges may be attached by welds

similar to those described in Section VIII, Division 1, of the ASME Boiler and

Pressure Vessel Code.

4.3.2 Welding procedure and qualification. All welds performed in the

attachment of flanges, welding of segments of flanges, and the repair of welding

defects shall conform to a written procedure developed by the manufacturer. This

procedure shall be available to the purchaser on request for review, approval, or

modification.

The procedure used shall be based on a current, applicable welding code, such

as ANSI/AWS D1.1 or ASME Boiler and Pressure Vessel Code, Section IX.

4.3.2.1 Welder and welding operator qualification. Welders and welding

operators shall be qualified under Section IX of the ASME Boiler and Pressure Vessel

Code, applicable parts of ANSI/AWS D1.1, or other approved procedure.

4.3.3 Draft or layback tolerance. After welding of the flange has been

completed, a draft or layback of the flange face may occur as shown in Figure 2. Total

draft or layback shall not exceed 1½° between two mating flanges. Negative draft will

not be permitted.

4.3.4 Welding technique. Care shall be taken during the welding process to

avoid warping the flange face, particularly when attaching class B flanges. 

Sec. 4.4 Protective Coating

If specified by the purchaser, the flanges or flanged joints shall be given a

protective coating conforming to ANSI/AWWA C203, ANSI/AWWA C205, ANSI/

AWWA C209, ANSI/AWWA C210, ANSI/AWWA C213, ANSI/AWWA C214,

ANSI/AWWA C215, ANSI/AWWA C216, ANSI/AWWA C217, ANSI/

AWWA C218, ANSI/AWWA C222, ANSI/AWWA C225, or some combination of

these coatings.

SECTION 5: VERIFICATION

Sec. 5.1 Inspection by the Purchaser

5.1.1 Optional inspection. At the purchaser’s option, flange dimensions and

attachment to pipe by welding may be inspected by the purchaser. This inspection

Copyright ©2007 American Water Works Association
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Figure 1 Attachment of flange

Figure 2 Draft or layback measurement

Hold back fillet toe a minimum of
1/8 in. (3.2 mm) from face of flange.
Pipe shall penetrate the flange a
minimum distance t  where allowed
by above holdback of fillet toe.

t

t
t

t
t

t

t
t

½
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STEEL PIPE FLANGES FOR WATERWORKS SERVICE 11

shall not relieve the manufacturer of the responsibility to provide material and

perform work in accordance with this standard.

5.1.2 Access and facilities. The purchaser shall have access at all reasonable

times to those parts of the manufacturer’s plant involved in the manufacture of the

material ordered while the work contracted is being performed. The manufacturer

shall provide the purchaser with the facilities necessary to determine that the material

is being provided in accordance with this standard. Inspections shall be made at the

place of manufacture prior to shipment.

5.1.3 Rejection. The purchaser may reject any flanges that do not conform

to the requirements of this standard and the purchaser’s specifications.

Sec. 5.2 Mill Test Reports

Mill test reports may be requested as stated in Sec. 4.1.3.3.

SECTION 6: DELIVERY

Sec. 6.1 Markings

Flanges shall be impression stamped with the size and name or trademark of the

manufacturer and with the AWWA class as defined in Sec. 1.3.2.

Copyright ©2007 American Water Works Association
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Table 2 AWWA standard steel-ring flanges, class B* (86 psi) and class D† (175–150 psi)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B‡)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts§

in.

Thickness of Flange — in.

Class B
(T)

Class D
(T)

4 9.00 4.57 8 7.50 0.625 0.625 0.625

5 10.00 5.66 8 8.50 0.750 0.625 0.625

6 11.00 6.72 8 9.50 0.750 0.688 0.688

8 13.50 8.72 8 11.75 0.750 0.688 0.688

10 16.00 10.88 12 14.25 0.875 0.688 0.688

12 19.00 12.88 12 17.00 0.875 0.688 0.812

14 21.00 14.19 12 18.75 1.000 0.688 0.938

16 23.50 16.19 16 21.25 1.000 0.688 1.000

18 25.00 18.19 16 22.75 1.125 0.688 1.062

20 27.50 20.19 20 25.00 1.125 0.688 1.125

22 29.50 22.19 20 27.25 1.250 0.750 1.188

24 32.00 24.19 20 29.50 1.250 0.750 1.250

26 34.25 24 31.75 1.250 0.812 1.312

28 36.50 28 34.00 1.250 0.875 1.312

30 38.75 28 36.00 1.250 0.875 1.375

32 41.75 28 38.50 1.500 0.938 1.500

34 43.75 32 40.50 1.500 0.938 1.500

36 46.00 32 42.75 1.500 1.000 1.625

38 48.75 32 45.25 1.500 1.000 1.625

40 50.75 36 47.25 1.500 1.000 1.625

42 53.00 36 49.50 1.500 1.125 1.750

NOTES:

1. Ring flanges may be overbored or counterbored to accommodate larger outside-diameter pipe than shown as nominal.
This is done to allow a clear inside diameter after cement–mortar lining. Wrench clearance between the pipe OD and bolt
circle must be maintained as well as sufficient gasket seating area.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa

*Pressure rating at atmospheric temperature is 86 psi. These flanges have the same OD and drilling as class 125 cast-iron
flanges (ASME B16.1). In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi drilling for steel flanges.

†Pressure rating at atmospheric temperature: sizes 4–12 in. inclusive, 175 psi; sizes larger than 12 in., 150 psi. These
flanges have the same diameter and drilling as class 125 cast-iron flanges (ASME B16.1). In sizes 24 in. and smaller, they
also match ASME B16.5 class 150-psi standard for steel flanges.

‡The purchaser shall specify the ID of the flange, dimension B, for nominal pipe sizes 26 in. and larger. The diameter of
the flange bore shall not exceed the pipe OD by more than 0.25 in.

§Bolt holes shall be drilled 1/8-in. larger in diameter than the nominal diameter of the bolt except as stated in Sec. 4.2.3.

Table continued next page.
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44 55.25 40 51.75 1.500 1.125 1.750

46 57.25 40 53.75 1.500 1.125 1.750

48 59.50 44 56.00 1.500 1.250 1.875

50 61.75 44 58.25 1.750 1.250 2.000

52 64.00 44 60.50 1.750 1.250 2.000

54 66.25 44 62.75 1.750 1.375 2.125

60 73.00 52 69.25 1.750 1.500 2.250

66 80.00 52 76.00 1.750 1.625 2.500

72 86.50 60 82.50 1.750 1.750 2.625

78 93.00 64 89.00 2.000 2.000 2.750

84 99.75 64 95.50 2.000 2.000 2.875

90 106.50 68 102.00 2.250 2.250 3.000

96 113.25 68 108.50 2.250 2.250 3.250

102 120.00 72 114.50 2.500 2.500 3.250

108 126.75 72 120.75 2.500 2.500 3.375

114 133.50 76 126.75 2.750 2.750 3.500

120 140.25 76 132.75 2.750 2.750 3.500

126 147.00 80 139.25 3.000 3.000 3.750

132 153.75 80 145.75 3.000 3.000 3.875

144 167.25 84 158.25 3.250 3.250 4.125

NOTES:

1. Ring flanges may be overbored or counterbored to accommodate larger outside-diameter pipe than shown as nominal.
This is done to allow a clear inside diameter after cement–mortar lining. Wrench clearance between the pipe OD and bolt
circle must be maintained as well as sufficient gasket seating area.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa

*Pressure rating at atmospheric temperature is 86 psi. These flanges have the same OD and drilling as class 125 cast-iron
flanges (ASME B16.1). In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi drilling for steel flanges.

†Pressure rating at atmospheric temperature: sizes 4–12 in. inclusive, 175 psi; sizes larger than 12 in., 150 psi. These
flanges have the same diameter and drilling as class 125 cast-iron flanges (ASME B16.1). In sizes 24 in. and smaller, they
also match ASME B16.5 class 150-psi standard for steel flanges.

‡The purchaser shall specify the ID of the flange, dimension B, for nominal pipe sizes 26 in. and larger. The diameter of
the flange bore shall not exceed the pipe OD by more than 0.25 in.

§Bolt holes shall be drilled 1/8-in. larger in diameter than the nominal diameter of the bolt except as stated in Sec. 4.2.3.

Table 2 AWWA standard steel-ring flanges, class B* (86 psi) and class D† (175–150 psi) (continued)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B‡)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts§

in.

Thickness of Flange — in.

Class B
(T)

Class D
(T)
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Table 3 AWWA standard steel-hub flanges, class D* (175–150 psi)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts†

in.

Flange Dimensions — in.

(T) (L) (E)

4 9.00 4.57 8 7.50 0.625 0.500 0.875 5.312

5 10.00 5.66 8 8.50 0.750 0.562 1.250 6.312

6 11.00 6.72 8 9.50 0.750 0.562 1.250 7.562

8 13.50 8.72 8 11.75 0.750 0.562 1.250 9.688

10 16.00 10.88 12 14.25 0.875 0.688 1.250 12.000

12 19.00 12.88 12 17.00 0.875 0.688 1.250 14.375

14 21.00 14.19 12 18.75 1.000 0.750 1.250 15.750

16 23.50 16.19 16 21.25 1.000 0.750 1.250 18.000

18 25.00 18.19 16 22.75 1.125 0.750 1.250 19.875

20 27.50 20.19 20 25.00 1.125 0.750 1.250 22.000

22 29.50 22.19 20 27.25 1.250 1.000 1.750 24.250

24 32.00 24.19 20 29.50 1.250 1.000 1.750 26.125

26 34.25 26.19 24 31.75 1.250 1.000 1.750 28.500

28 36.50 28.19 28 34.00 1.250 1.000 1.750 30.500

30 38.75 30.19 28 36.00 1.250 1.000 1.750 32.500

32 41.75 32.19 28 38.50 1.500 1.125 1.750 34.750

34 43.75 34.19 32 40.50 1.500 1.125 1.750 36.750

36 46.00 36.19 32 42.75 1.500 1.125 1.750 38.750

38 48.75 38.19 32 45.25 1.500 1.125 1.750 40.750

40 50.75 40.19 36 47.25 1.500 1.125 1.750 43.000

42 53.00 42.19 36 49.50 1.500 1.250 1.750 45.000

44 55.25 44.19 40 51.75 1.500 1.250 2.250 47.000

NOTES:

1. Hub flanges are to be used on pipe that has an OD equal to the nominal pipe size in the first column and shall not be
overbored.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature: sizes 4–12 in. inclusive, 175 psi; sizes larger than 12 in., 150 psi. These flanges
have the diameter and drilling as class 125 cast-iron flanges (ASME B16.1). In sizes 24 in. and smaller, they also match
ASME B16.5 class 150-psi standard for steel flanges.

†Bolt holes shall be drilled 1/8-in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

L

Table continued next page.
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46 57.25 46.19 40 53.75 1.500 1.250 2.250 49.000

48 59.50 48.19 44 56.00 1.500 1.375 2.500 51.000

50 61.75 50.19 44 58.25 1.750 1.375 2.500 53.000

52 64.00 52.19 44 60.50 1.750 1.375 2.500 55.000

54 66.25 54.19 44 62.75 1.750 1.375 2.500 57.000

60 73.00 60.19 52 69.25 1.750 1.500 2.750 63.000

66 80.00 66.19 52 76.00 1.750 1.500 2.750 69.000

72 86.50 72.19 60 82.50 1.750 1.500 2.750 75.000

78 93.00 78.19 64 89.00 2.000 1.750 3.000 81.250

84 99.75 84.19 64 95.50 2.000 1.750 3.000 87.500

90 106.50 90.19 68 102.00 2.250 2.000 3.250 93.750

96 113.25 96.19 68 108.50 2.250 2.000 3.250 100.000

NOTES:

1. Hub flanges are to be used on pipe that has an OD equal to the nominal pipe size in the first column and shall not be
overbored.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature: sizes 4–12 in. inclusive, 175 psi; sizes larger than 12 in., 150 psi. These flanges
have the diameter and drilling as class 125 cast-iron flanges (ASME B16.1). In sizes 24 in. and smaller, they also match
ASME B16.5 class 150-psi standard for steel flanges.

†Bolt holes shall be drilled 1/8-in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

Table 3 AWWA standard steel-hub flanges, class D* (175–150 psi) (continued)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts†

in.

Flange Dimensions — in.

(T) (L) (E)
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Table 4 AWWA standard steel-hub flanges, class E* (275 psi)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B†)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts‡

in.

Flange Dimensions — in.

(T)§ (L) (E)

4 9.00 4.57 8 7.50 0.625 0.938 1.312 5.312

5 10.00 5.66 8 8.50 0.750 0.938 1.438 6.438

6 11.00 6.72 8 9.50 0.750 1.000 1.562 7.562

8 13.50 8.72 8 11.75 0.750 1.125 1.750 9.688

10 16.00 10.88 12 14.25 0.875 1.188 1.938 12.000

12 19.00 12.88 12 17.00 0.875 1.250 2.188 14.375

14 21.00 14.19 12 18.75 1.000 1.375 2.250 15.750

16 23.50 16.19 16 21.25 1.000 1.438 2.500 18.000

18 25.00 18.19 16 22.75 1.125 1.562 2.688 19.875

20 27.50 20.19 20 25.00 1.125 1.688 2.875 22.000

22 29.50 22.19 20 27.25 1.250 1.812 3.125 24.000

24 32.00 24.19 20 29.50 1.250 1.875 3.250 26.125

26 34.25 26.19 24 31.75 1.250 2.000 3.375 28.500

28 36.50 28.19 28 34.00 1.250 2.062 3.438 30.750

30 38.75 30.19 28 36.00 1.250 2.125 3.500 32.750

32 41.75 32.19 28 38.50 1.500 2.250 3.625 35.000

34 43.75 34.19 32 40.50 1.500 2.312 3.688 37.000

36 46.00 36.19 32 42.75 1.500 2.375 3.750 39.250

38 48.75 38.19 32 45.25 1.500 2.375 3.750 41.750

40 50.75 40.19 36 47.25 1.500 2.500 3.875 43.750

Notes:

1. Hub flanges are to be used on pipe that has an OD equal to the nominal pipe size in the first column and shall not be
overbored.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature is 275 psi. These flanges have the same diameter and drilling as ASME B16.1
class 125 cast-iron flanges. In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi standard for steel
flanges.

†Welding neck flanges may be used if desired, at the purchaser’s option.

‡Bolt holes shall be drilled 1/8 in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

§The thickness T of a flange from which the raised face has been removed, shall be no less than dimension T minus 0.06 in.

L

Table continued next page.
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42 53.00 42.19 36 49.50 1.500 2.625 4.000 46.000

44 55.25 44.19 40 51.75 1.500 2.625 4.000 48.000

46 57.25 46.19 40 53.75 1.500 2.688 4.062 50.000

48 59.50 48.19 44 56.00 1.500 2.750 4.125 52.250

50 61.75 50.19 44 58.25 1.750 2.750 4.125 54.250

52 64.00 52.19 44 60.50 1.750 2.875 4.250 56.500

54 66.25 54.19 44 62.75 1.750 3.000 4.375 58.750

60 73.00 60.19 52 69.25 1.750 3.125 4.500 65.250

66 80.00 66.19 52 76.00 1.750 3.375 4.875 71.500

72 86.50 72.19 60 82.50 1.750 3.500 5.000 78.500

78 93.00 78.19 64 89.00 2.000 3.875 5.375 84.500

84 99.75 84.19 64 95.50 2.000 3.875 5.375 90.500

90 106.50 90.19 68 102.00 2.250 4.250 5.750 96.750

96 113.25 96.19 68 108.50 2.250 4.250 5.750 102.750

Notes:

1. Hub flanges are to be used on pipe that has an OD equal to the nominal pipe size in the first column and shall not be
overbored.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature is 275 psi. These flanges have the same diameter and drilling as ASME B16.1
class 125 cast-iron flanges. In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi standard for steel
flanges.

†Welding neck flanges may be used if desired, at the purchaser’s option.

‡Bolt holes shall be drilled 1/8 in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

§The thickness T of a flange from which the raised face has been removed, shall be no less than dimension T minus 0.06 in.

Table 4 AWWA standard steel-hub flanges, class E* (275 psi) (continued)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B†)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts‡

in.

Flange Dimensions — in.

(T)§ (L) (E)
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Table 5 AWWA standard steel-ring flanges, class E* (275 psi)

Nominal Pipe
Size
in.

OD of
Flange (A)

in.

ID of
Flange (B†)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts‡

in.

Thickness of
Flange (T)

in.

4 9.00 4.57 8 7.50 0.625 1.125

5 10.00 5.66 8 8.50 0.750 1.188

6 11.00 6.72 8 9.50 0.750 1.313

8 13.50 8.72 8 11.75 0.750 1.500

10 16.00 10.88 12 14.25 0.875 1.563

12 19.00 12.88 12 17.00 0.875 1.750

14 21.00 14.19 12 18.75 1.000 1.875

16 23.50 16.19 16 21.25 1.000 2.000

18 25.00 18.19 16 22.75 1.125 2.125

20 27.50 20.19 20 25.00 1.125 2.375

22 29.50 22.19 20 27.25 1.250 2.500

24 32.00 24.19 20 29.50 1.250 2.625

26 34.25 24 31.75 1.250 2.750

28 36.50 28 34.00 1.250 2.750

30 38.75 28 36.00 1.250 2.875

32 41.75 28 38.50 1.500 3.000

34 43.75 32 40.50 1.500 3.000

36 46.00 32 42.75 1.500 3.125

38 48.75 32 45.25 1.500 3.125

Notes:

1. Ring flanges may be overbored or counterbored to accommodate larger outside diameter pipe than shown as nominal.
This is done to allow a clear inside diameter after cement–mortar lining. Wrench clearance between the pipe OD and bolt
circle must be maintained as well as sufficient gasket seating area.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature is 275 psi. These flanges have the same diameter and drilling as ASME B16.1
class 125 cast-iron flanges. In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi standard for steel
flanges.

†The purchaser shall specify the ID of the flange, dimension B, for nominal pipe sizes 26 in. and larger. The diameter of the
flange bore shall not exceed the pipe OD by more than 0.25 in.

‡Bolt holes shall be drilled 1/8 in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

Table continued next page.
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40 50.75 36 47.25 1.500 3.250

42 53.00 36 49.50 1.500 3.375

44 55.25 40 51.75 1.500 3.375

46 57.25 40 53.75 1.500 3.438

48 59.50 44 56.00 1.500 3.500

50 61.75 44 58.25 1.750 3.500

52 64.00 44 60.50 1.750 3.625

54 66.25 44 62.75 1.750 3.750

60 73.00 52 69.25 1.750 3.875

66 80.00 52 76.00 1.750 4.250

72 86.50 60 82.50 1.750 4.375

78 93.00 64 89.00 2.000 4.750

84 99.75 64 95.50 2.000 4.750

90 106.50 68 102.00 2.250 5.125

96 113.25 68 108.50 2.250 5.125

102 120.00 72 114.50 2.500 5.500

108 126.75 72 120.75 2.500 5.500

114 133.50 76 126.75 2.750 5.875

120 140.25 76 132.75 2.750 5.875

126 147.00 80 139.25 3.000 6.250

132 153.75 80 145.75 3.000 6.250

144 167.25 84 158.25 3.250 6.750

Notes:

1. Ring flanges may be overbored or counterbored to accommodate larger outside diameter pipe than shown as nominal.
This is done to allow a clear inside diameter after cement–mortar lining. Wrench clearance between the pipe OD and bolt
circle must be maintained as well as sufficient gasket seating area.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature is 275 psi. These flanges have the same diameter and drilling as ASME B16.1
class 125 cast-iron flanges. In sizes 24 in. and smaller, they also match ASME B16.5 class 150 psi standard for steel
flanges.

†The purchaser shall specify the ID of the flange, dimension B, for nominal pipe sizes 26 in. and larger. The diameter of the
flange bore shall not exceed the pipe OD by more than 0.25 in.

‡Bolt holes shall be drilled 1/8 in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.

Table 5 AWWA standard steel-ring flanges, class E* (275 psi) (continued)

Nominal Pipe
Size
in.

OD of
Flange (A)

in.

ID of
Flange (B†)

in.

Number
of

Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts‡

in.

Thickness of
Flange (T)

in.
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Table 6 AWWA standard steel-ring flanges, class F* (300 psi)

Nominal
Pipe Size

in.

OD of
Flange (A)

in.

ID of
Flange (B)†

in.

Number
of Bolts

Diam. of Bolt
Circle (C)

in.

Diam. of
Bolts‡

in.

Thickness of
Flange (T)

in.

4 10.00 4.57 8 7.88 0.750 1.13

5 11.00 5.66 8 9.25 0.750 1.21

6 12.50 6.73 12 10.62 0.750 1.31

8 15.00 8.73 12 13.00 0.875 1.31

10 17.50 10.88 16 15.25 1.000 1.50

12 20.50 12.88 16 17.75 1.125 1.63

14 23.00 14.19 20 20.25 1.125 1.94

16 25.50 16.19 20 22.50 1.250 2.14

18 28.00 18.19 24 24.75 1.250 2.25

20 30.50 20.19 24 27.00 1.250 2.33

22 33.00 22.19 24 29.25 1.250 2.50

24 36.00 24.19 24 32.00 1.500 2.69

26 38.25 — 28 34.50 1.750 3.00

28 40.75 — 28 37.00 1.750 3.13

30 43.00 — 28 39.25 1.750 3.15

32 45.25 — 28 41.50 1.750 3.25

34 47.50 — 28 43.50 1.750 3.38

36 50.00 — 32 46.00 2.000 3.46

38 52.25 — 32 48.00 2.000 3.50

40 54.25 — 36 50.25 2.000 3.63

42 57.00 — 36 52.75 2.000 3.81

44 59.25 — 36 55.00 2.000 4.00

46 61.50 — 40 57.25 2.000 4.13

48 65.00 — 40 60.75 2.000 4.50

Notes:

1. Ring flanges may be overbored or counterbored to accommodate larger outside diameter pipe than shown as nominal.
This is done to allow a clear inside diameter after cement–mortar lining. Wrench clearance between the pipe OD and bolt
circle must be maintained as well as sufficient gasket seating area.

2. Metric conversion: nominal pipe size: in. × 25 = mm; dimensions: in. × 25.4 = mm; psi × 6.895 = kPa.

*Pressure rating at atmospheric temperature is 300 psi. These flanges have the same diameter and drilling as ASME B16.1
class 250 cast iron pipe and flanged fittings and ASME B16.5, class 300 for steel flanges.

†The purchaser shall specify the ID of the flange, dimension B, for nominal pipe sizes 26 in. and larger. The diameter of
the flange bore shall not exceed the pipe OD by more than 0.25 in.

‡Bolt holes shall be drilled 1/8 in. larger in diameter than the nominal diameter of the bolt as stated in Sec. 4.2.3.
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Table 7 AWWA blind-flange thickness

Minimum Thickness*

Nominal Mating Class B Class D† Class E Class F

Pipe Size Flange ID 86 psi (593 kPa) 275 psi (1,896 kPa) 300 psi (2,068 kPa)

in. (mm) in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)

4 (100) 4.57 (116) 0.625 (15.88) 0.625 (15.88) 1.125 (28.58) 1.130 (28.70)

5 (125) 5.66 (144) 0.625 (15.88) 0.650 (16.51) 1.188 (30.18) 1.210 (30.73)

6 (150) 6.72 (171) 0.688 (17.48) 0.693 (17.59) 1.313 (33.35) 1.310 (33.27)

8 (200) 8.72 (221) 0.688 (17.48) 0.812 (20.62) 1.500 (38.10) 1.310 (33.27)

10 (250) 10.88 (276) 0.688 (17.48) 0.953 (24.21) 1.563 (39.70) 1.500 (38.10)

12 (300) 12.88 (327) 0.719 (18.26) 1.117 (28.37) 1.750 (44.45) 1.630 (41.40)

14 (350) 14.19 (360) 0.791 (20.10) 1.133 (28.78) 1.875 (47.63) 1.940 (49.28)

16 (400) 16.19 (411) 0.892 (22.66) 1.265 (32.13) 2.000 (50.80) 2.140 (54.36)

18 (450) 18.19 (462) 0.950 (24.13) 1.331 (33.81) 2.125 (53.98) 2.250 (57.15)

20 (500) 20.19 (513) 1.040 (26.42) 1.448 (36.77) 2.375 (60.33) 2.330 (59.18)

22 (550) 22.19 (564) 1.132 (28.74) 1.568 (39.83) 2.500 (63.50) 2.500 (63.50)

24 (600) 25.50 (648) 1.216 (30.89) 1.661 (42.18) 2.625 (66.68) 2.690 (68.53)

26 (650) 27.50 (699) 1.307 (33.20) 1.786 (45.37) 2.750 (69.85) 3.000 (76.20)

28 (700) 29.50 (749) 1.398 (35.50) 1.906 (48.40) 2.750 (69.85) 3.130 (79.50)

30 (750) 31.50 (800) 1.477 (37.53) 2.008 (51.00) 2.875 (73.03) 3.166 (80.42)

32 (800) 33.50 (851) 1.581 (40.16) 2.150 (54.60) 3.000 (76.20) 3.332 (84.62)

34 (850) 35.50 (902) 1.661 (42.19) 2.252 (57.21) 3.050 (77.46) 3.475 (88.25)

36 (900) 37.63 (956) 1.751 (44.48) 2.370 (60.20) 3.209 (81.51) 3.671 (93.25)

38 (950) 39.63 (1,006) 1.853 (47.06) 2.506 (63.66) 3.394 (86.20) 3.815 (96.90)

40 (1,000) 41.63 (1,057) 1.933 (49.09) 2.609 (66.28) 3.533 (89.74) 3.982 (101.40)

42 (1,050) 43.63 (1,108) 2.023 (51.40) 2.729 (69.32) 3.695 (93.86) 4.171 (105.92)

44 (1,100) 45.63 (1,159) 2.114 (53.70) 2.849 (72.36) 3.857 (97.97) 4.338 (110.19)

46 (1,150) 47.63 (1,210) 2.194 (55.73) 2.952 (74.99) 3.997 (101.53) 4.505 (114.43)

48 (1,200) 49.63 (1,260) 2.285 (58.03) 3.072 (78.03) 4.159 (105.65) 4.781 (121.44)

50 (1,250) 51.75 (1,314) 2.377 (60.38) 3.196 (81.17) 4.327 (109.90)

52 (1,300) 53.75 (1,365) 2.468 (62.69) 3.315 (84.21) 4.489 (114.02)

54 (1,350) 55.75 (1,416) 2.559 (64.99) 3.435 (87.25) 4.651 (118.14)

60 (1,500) 61.75 (1,568) 2.820 (71.63) 3.779 (95.97) 5.116 (129.95)

66 (1,650) 67.88 (1,724) 3.092 (78.53) 4.136 (105.06) 5.601 (142.26)

72 (1,800) 73.88 (1,876) 3.353 (85.17) 4.480 (113.80) 6.066 (154.08)

Notes:
1. All flanges are flat faced.
2. ASTM A36 steel used (allowable stress 16,000 psi).
3. ASTM A307 Grade B bolts (7,000 psi allowable stress) used for class B and D.
4. ASTM A193 Grade B7 bolts (25,000 psi allowable stress) used for class E and F.
5. For diameters over 48 in., designers should consider using dished heads welded to a standard flange.
*Design Method: ASME Boiler & Pressure Vessel Code, Sec. VIII, Div. 1, UG-34, Eq 2, or corresponding ring-flange
thickness, whichever is greater.
†Class D flanges are rated at 175 psi (1,207 kPa) for nominal pipe sizes <12 in. (600 mm), and 150 psi (1,034 kPa) for
nominal pipe sizes > 12 in. (600 mm).
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SUMMARY

The calculations below in Sections A and B plus the test results presented as Section C
were performed to estimate a couple of possible stud load cases. 

In summary:
The coupling bolt tensile load while in-service consists of, as a minimum, water pressure
load (90 psi internal pressure) plus stud preload. The preload is at minimum equal to the
force necessary to compress the two o-rings until the edges of the clamp touch the pipe.
Assuming all 8 clamp studs are active, the stud tensile load due to water pressure is
approx 9,500 lbs/ stud and for O-ring compression it is approximately 17,100 lbs/ stud
The sum being 26,600 lbs/stud as Calculated in Section A below
.
Section B then postulates a case were the O-ring leaks and undermines the pipe.
Assuming a case where the supporting soil for 10 ft adjacent to the coupling is washed
out, the estimated tensile load per coupling stud is approximately 9,800 lb/stud. 
The studs are 1 in diameter B7 material with a tensile stress of approx 130,000 psi and a
tensile stress area of .606 in2. This calculates to a stud load capacity of 79,000 lbs/stud.

Depending what is assumed, normal service load would probably require the equivalent of
2 uncracked studs on each side to avoid failure.
.
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SECTION A

CALCULATION OF STUD CLAMPING FORCE DUE TO O-RING COMPRESSION

A1.0 Input

The following information is given:

A. O-ring Information [Ref. 1]

1.5" X 121.61", Isoprene. 55 Durometer.

Maximum compression: 0.75"

B. Sealing Plate Dimension

Distance between center of two O-rings 
               as measured at lab: 7"

C.. Water Pressure 

Working pressure: 

 

DoringCS 121.61in:=

DISorings 7in:=

Pworking 90psi:=
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A2.0  Methodology

A2.1 Force on Sealing Plate from O-ring

Based on Laboratory Test Results for
Unit Length

Foringtest
679.1lbf

1.213in
:=

Force on Sealing Plate from Two O-ring
 for Whole Length Foring 2Foringtest DoringCS⋅:=

Foring 1.362 105
× lbf⋅=

A2.2 Force on Sealing Plate from Water Pressure

Fwater Pworking DISorings⋅ DoringCS⋅:=

Fwater 7.661 104
× lbf⋅=

A2.3 Total Force on Whole Clamps

The total force is the sum of the force
from O-ring and the water pressure

Fclamp Foring Fwater+:=

Fbolt

Fclamp

8
:=The fore on each stud

Fbolt 2.66 104
× lbf⋅=

A3.0  Results:

The above calculations have estimated the force on each stud was 

Fbolt 2.66 104
× lbf⋅= Based on Test

Results

A4.0  References

1. D-O-L Sales #: 9619, Invoice to Victaulic Depend-O-Lok, Inc. , Invoice Date 05/16/2002.



assuming shear load is taken by 8 bolts vbolt 9.803 103
× lb=vbolt

vcoup
8

:=

vcoup 7.843 104
× lb=vcoup Lwo

w
2
⋅:=

shear on coupling

w 1.569 104
×

lb
ft

=

w π( ) Dpipe2
γwater( )⋅

4

⎡
⎢
⎣

⎤
⎥
⎦

πDpipe γsteel⋅ tpipe⋅+ Dpipe 10⋅ ft γsoil⋅+:=total wgt per ft

tpipe
5
8

in:=

Dpipe 120in:=

Lwo 10ft:=

γsoil 100
lb

ft3
:=

γwater 62.2
lb

ft3
:=γsteel .283

lb

in3
:=

Assumptions and Estimates- soil density = 100 pcf; pipe is 
full of water; effective load on top of pipe is equal to one pipe 
diameter; L soil washout length is 10 ft. The unsupported pipe 
length behaves like a simply supported beam. water density = 62.2 
pcf; steel density = 0.283 pci; 

SECTION B-
MWRA COUPLING BOLT ESTIMATE 
LOAD DUE TO POSTULATED 
SUPPORTING SOIL WASH
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SECTION C
LABORATORY TESTING FOR O-RING COMPRESSION FORCE UNDER 

CLAMPING 

 To evaluate the o-ring compression force under clamping, a customized fixture was
machined to simulate o-ring under compression by coupling. The width of the fixture is 1.213 inch
A section of O-ring was tested for compression/relaxation with time, load and displacement data

recorded. The test setup is shown in Figure 1 and Figure 2. 

The original short diameter for the O-ring tested (ORA, around 18-20 inch location) is
1.40 inch, and the O-ring was compressed to 0.75 inch at the rate of 0.25 inch/min, then held for
1 hour at the 0.75inch compressed location.  

The maximum load recorded was 679.1 lbf and the load after one hour holding/relaxation
was 571.5 lbf. The maximum load for unit o-ring was 679.1 lbf/1.213 inch = 559.9 lbf/inch and the
load after one hour holding/relaxation for unit o-ring was 571.5 lbf/1.213 inch = 471.1 lbf/inch.
Figure 3 shows the load vs. time curve for O-ring compression. Actual values will be somewhat
higher due to the plane strain confinement that exists in an entire O-ring. 

 

 

Figure 1. Test Setup for O-ring Compression Test. 

Figure 1. Test Setup for O-ring Compression Test. 
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Com pression Test . 

 

Figu re 1. O-ring Compressed to 0.75  inch. 

 

Figure 2. Load vs. Tim e Curve for O-ring C ompression. 
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Bolt Thread and Head Fillet Stress
Concentration Factors
Linear finite element analysis (FEA) was performed to determine stress concentr
factors for the threads and the bolt head fillet in a bolted connection. The FEA mo
consisted of axisymmetric representations of a bolt and two circular steel plates ea
mm in thickness. The bolts studied were 8, 12, 16, 20, and 24-mm-dia grade 10.9
bolts with the standard M thread profile. The threads were modeled at both the mini
and maximum allowable depths. The fillet between the bolt shank and bolt head co
tion was modeled at its minimum radius. Each bolt was loaded to its proof streng
comparison is made to stress concentration factors typically used in bolted conne
design. Stress concentration factors in the head fillet were 3.18, 3.23, 3.63, 3.58, an
for the 8, 12, 16, 20, and 24-mm bolts, respectively. Thread stress concentration fa
were highest in the first engaged thread and decreased in each successive thread m
toward the end of the bolt. Stress concentration factors for the shallow thread mo
ranged from 1.17 to 4.33, 0.87 to 4.32, 0.83 to 4.67, 0.87 to 4.77, and 0.82 to 4.82 fo
8, 12, 16, 20, and 24-mm bolts, respectively. Likewise, stress concentration factors f
deep thread models ranged from 1.18 to 4.80, 0.88 to 4.80, 0.78 to 5.12, 0.83 to 5.1
0.82 to 5.22 for the 8, 12, 16, 20, and 24-mm bolts, respectively.
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Introduction
It is becoming increasingly important to accurately predict

behavior of bolted joints such as the one pictured in Fig. 1. T
paper is focused particularly on the stress concentrations tha
velop at the root of the loaded threads and the fillet beneath
head of the bolt when the bolts are loaded statically with unia
external loads. Linear finite element methods were used to d
mine these stress concentrations.

There were ten models studied. The models included bo
connections where two 20-mm-thick circular steel plates w
bolted together by a single bolt. The bolt diameters used wer
12, 16, 20, and 24 mm. Two models were made for each
diameter. The first model used the maximum allowable thr
depth based on tolerances for the M thread profile. The sec
model used the minimum allowable thread depth. The head fi
was modeled at its minimum radius. Dimension definition for t
thread profiles can be seen in Figs. 2 and 3. Actual dimensions
shown in Table 1. Information concerning thread form and dim
sions was obtained from Oberg et al.@1# and Avallone and
Baumeister@2#.

The loads that were used in the bolted connection were
tained from research conducted by the authors@3# concerning bolt
and member stiffnesses. However, virtually any loads would h
worked for the research reported here due to its linear nature

The Finite Element Model
The FEA models consisted of parabolic axisymmetric solid

ements. A schematic of the bolted joint models is shown in Fig
Gap elements were used to separate the threads in the bo
region and in the areas of contact between the bolt, nut and m
bers. With the exception of the engaged bolt threads and the
fillet areas, element sizes were determined by research condu
by Lehnhoff and Wistehuff@4,5#. Element size for the engage
threads and the head fillet areas were determined by obtai
several solutions for the model with the element size being
duced each time. Elements at the location of the high stress in

Contributed by the Pressure Vessels and Piping Division for publication in
JOURNAL OF PRESSUREVESSEL TECHNOLOGY. Manuscript received by the PVP
Division, August 11, 1999; revised manuscript received March 7, 2000. Assoc
Technical Editor: Y. W. Kwon.
180 Õ Vol. 122, MAY 2000 Copyright © 20
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thread roots were approximately square and ranged in size f
0.023 mm for the 8-mm bolt to 0.057 mm for the 24-mm bolt.
the head fillet area the element size ranged from 0.061 mm for
8-mm bolt to 0.083 mm for the 24-mm bolt.

Friction was included between all surfaces that came into c
tact. For all contacting surfaces other than the threads a coeffic

the

iate

Fig. 1 Typical bolted joint

Fig. 2 Thread dimensions for deep thread models
00 by ASME Transactions of the ASME
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of friction of 0.80 was used. A coefficient of friction of 0.15 wa
used for the threads. Grade 10.9 bolts were used with a p
strength,Sp , equal to 830 MPa. The grade 10.9 bolts were us
only to facilitate comparison to fatigue stress concentration fac
reported by Shigley and Mischke@6#. No residual stresses wer
included in the modeling of the threads. The modulus of elastic
E, used for all components of the bolted joint models was 2
780 MPa. The value used for Poison’s ratio,n, was 0.30. Standard
bolt clearances of 1 mm were used for the 24, 20, 16, and 12-
bolts and of 0.5 mm was used for the 8-mm bolt. Bolt leng
were determined by taking the shortest standard length bolt
would allow two to three threads to protrude beyond the nut.

Analysis Procedure
Each of the ten finite element models were solved using

loading and material properties, as described in the forego
After the solution was obtained, the highest value of von Mis
stress was recorded for each of the engaged bolt threads an
head fillet. This stress value was then divided by the nom
stress. The value for nominal stress used in the calculation o
stress concentration factors for the threads, was calculated b
following relation:

s t5sbS Ab

At
D (1)

where

sb5
Fb

Ab
(2)

and

Fb5S kb

kb1km
D P1Fi (3)

The applied bolt stress,sb , was used for the nominal stress
calculating the head fillet stress concentration factors.

Fig. 3 Thread dimensions for shallow thread models
Journal of Pressure Vessel Technology
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The geometric experimental stress concentration factors
based on fatigue stress concentration factor data presented by
Shigley and Mischke@6# and Norton@7#. The values given by both
sources give the reduced fatigue stress concentration factorK f)
based on the type of thread~rolled or cut! and bolt material. Be-
cause residual stresses were not modeled, results were com
to values given for cut threads. Since the experimental values
the fatigue stress concentration factors, it was necessary to us
following relation to obtain the geometric experimental stress c
centration value (Kt):

Kt5
K f21

q
11 (4)

for comparison to the results of this research. The notch sens
ity factor, q, depends on the material strength~Grade 10.9! and
was approximated from graphical data found in Shigley and M
chke@6#. The values used in calculations for this paper are sho
in Table 1.

Discussion of Results
There were five bolt threads in contact with nut threads~regular

hexagonal nuts! for the 8-mm bolt models. Figure 5 shows th
plotted data for the 8-mm bolt shallow thread model. Starting w
the first thread engaged with the nut, the stress concentration
tors for each thread were 4.33, 2.88, 1.97, 1.43, and 1.17. U
the method outlined in the foregoing and the average fati
strength reduction factor,K f , as reported by Shigley and Mischk
@6# the value ofKt is 4.46. Comparing, it is seen that the FE
results range from 97 to 26 percent of the reported value. Res
for the 8-mm deep thread model are shown in Fig. 6. Aga
starting with the first engaged thread the stress concentration
tors were 4.80, 2.97, 2.03, 1.47, and 1.18. Comparing the F
results to Shigley and Mischke’s@6# experimental value the stres
concentration factors ranged from 108 percent to 26 percent o
reported value.

Fig. 4 Schematic of axisymmetric model
Table 1 Bolt model parameters
MAY 2000, Vol. 122 Õ 181
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For the 12-mm bolt models, there were six bolt threads in c
tact with nut threads. Results for the shallow thread model
shown in Fig. 7. The stress concentration factor for the enga
bolt threads were 4.32, 3.04, 2.06, 1.44, 1.04, and 0.87. The v
of Kt calculated from Shigley and Mischke’s@6# data is 4.42. The
FEA results range from 98 percent to 20 percent of this va
Figure 8 shows the results from the deep thread model of
12-mm bolt. Stress concentration factors for this model were 4
3.12, 2.12, 1.48, 1.08, and 0.88. Comparing to the value obta
from Shigley and Miscke@6#, the FEA results ranged from 109 t
20 percent of the experimental value.

The 16-mm bolt models had seven threads in contact with

Fig. 5 Stress concentration factor by thread „8-mm bolt shal-
low threads …

Fig. 6 Stress concentration factor by thread „8-mm bolt deep
threads …

Fig. 7 Stress concentration factor by thread „12-mm bolt shal-
low threads …
182 Õ Vol. 122, MAY 2000
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nut threads. Results for the shallow thread and deep thread mo
are shown in Figs. 9 and 10, respectively. For the shallow thr
model the stress concentration factors were 4.67, 3.26, 2.25, 1
1.20, 0.93, and 0.83. The value ofKt calculated from Shigley and
Mischke @6# is 4.37. The FEA results ranged from 107 to 1
percent of this value. The deep thread model had stress con
tration factors of 5.12, 3.30, 2.28, 1.65, 1.23, 0.96, and 0.83. F
range of 117 to 19 percent of the experimental value.

The 20-mm bolt models had seven bolt threads in contact w
nut threads. Results for the shallow thread and deep thread mo
are shown in Figs. 11 and 12, respectively. Stress concentra
factors for the shallow thread model ranged from 4.77 to 0.87

Fig. 8 Stress concentration factor by thread „12-mm bolt deep
threads …

Fig. 9 Stress concentration factor by thread „16-mm bolt shal-
low threads …

Fig. 10 Stress concentration factor by thread „16-mm bolt
deep threads …
Transactions of the ASME
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111 percent to 20 percent of the experimental value. For the d
thread model the stress concentration factors ranged from 5.1
0.86 or 121 to 20 percent of the experimental value.

Seven threads were in contact in the models for the 24 mm b
Figures 13 and 14 show the results for the shallow thread
deep thread models, respectively. Stress concentration fa
ranged from 4.82 to 0.82 or 113 percent to 19 percent of
experimental value, while the stress concentration factors for
deep thread model ranged from 5.22 to 0.82 or 123 to 19 per
of the experimental value.

The same pattern is seen when comparing stress concentr
factors in the first engaged thread for both the shallow and d

Fig. 11 Stress concentration factor by thread „20-mm bolt
shallow threads …

Fig. 12 Stress concentration factor by thread „20-mm bolt
deep threads …

Fig. 13 Stress concentration factor by thread „24-mm bolt
shallow threads …
Journal of Pressure Vessel Technology
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thread models. That is, the stress concentration factors for th
and 12-mm bolts are approximately equal and then increase
each increase in bolt diameter. For the deep thread models
stress concentration factor increases 6.67 percent between th
and 16-mm bolts, 0.97 percent between the 16-mm and 20-
bolts, and 0.97 percent between the 20 and 24-mm bolts. L
wise, the stress concentration factors in the shallow thread mo
increase 8.10 percent between the 12 and 16-mm bolts, 2.14
cent between the 16 and 20-mm bolts, and 1.05 percent betw

Fig. 14 Stress concentration factor by thread „24-mm bolt
deep threads …

Fig. 15 Stress concentration factor for bolt head fillet „all bolt
diameters …

Fig. 16 Example of stress contour plot at head fillet
MAY 2000, Vol. 122 Õ 183
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the 20 and 24-mm bolts. When comparing the shallow threa
the deep thread, it is seen that there is an increase of 10.9 pe
for the 8-mm bolts, 11.1 percent for the 12-mm bolts, 9.6 perc
for the 16-mm bolts, 8.4 percent for the 20-mm bolts, and
percent for the 24-mm bolts.

Head fillet stress concentration factor results are shown in
15. The values are 3.18, 3.23, 3.63, 3.58, and 3.90 for the 8
16, 20, and 24-mm bolts. These values correspond to 126,
147, 147, 160 percent of the average values reported by Sh
and Mishcke@6#.

The stress concentration factor in the head fillet does not s
a consistent increase as the bolt diameter increases. The s
concentration factor increases by 1.6 percent between the 8
12-mm bolts, increases 12.4 percent between the 12 and 16
bolts, decreases 1.4 percent between the 16 and 20-mm bolts
increases 8.9 percent between the 20 and 24-mm bolts. Thi
consistent pattern can be explained by looking at the differenc
the amount of load that each bolt can carry as well as the h
fillet radius of the bolts. There is an increase in load-carry
capacity of 125 percent between the 8 and 12-mm bolts, 78
cent between the 12 and 16-mm bolts, 56 percent between th
and 20-mm bolts, and 44 percent between the 20 and 24-
bolts. The head fillet radius increases by 50 percent between t
and 12-mm bolts, stays the same between the 12 and 16-mm b
increases by 33 percent between the 16 mm and 20 mm bolts
stays the same between the 20 and 24-mm bolts. It is noted
the two large increases in stress concentration factor occur w
there is an increase in load and no change in head fillet radius.
small changes in stress concentration factor occurred when
the load and the head fillet radius increased.

Figures 16 and 17 show examples of contour plots of the

Fig. 17 Example of stress contour plot at first engaged thread
184 Õ Vol. 122, MAY 2000
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Mises stress in the thread root and head fillet regions. The hig
stress occurred below the deepest point of the thread, while
largest stress in the head fillet region occurred near the cente
the fillet arc length.

Conclusions
It should be noted that, the modeling of the bolted joint as do

in this research does not fully simulate the geometry as well as
nonlinear response that occurs in bolted joints. Therefore, the
sults reported here cannot be quantitatively precise. However,
believed that they can provide important insight into the behav
of bolted connections. The largest discrepancy from reality is
fact that the model solutions were obtained using a linear mate
model. It is generally accepted that local yielding occurs in b
the thread roots and the head fillet. However, it is significant
observe that the stress concentration factors in both the head
and the threads deviate more from the experimental values, fo
larger bolts. This can be important in the construction of any la
equipment and especially large pressure vessels. A review o
discussion of the various experimental studies referenced
Pilkey @8# shows considerable variation between researchers
there is no indication of why these results might deviate m
from our results for the larger diameter bolts. Perhaps it is
much to expect to be able to extrapolate the experimental va
given by Shigley.

The results of this research are summarized in Table 2
should be applicable to many bolted joint design problems wh
the joints can be assumed to behave in an axisymmetric fash

Nomenclature

Ab 5 cross-sectional area in unthreaded portion of bolt~mm2!
At 5 cross-sectional area of bolt in threaded portion of bol

~mm2!
E 5 modulus of elasticity~N/m2!

EP 5 external load edge pressure~N/m2!
Fb 5 force in bolt ~N!
Fi 5 preload in bolt~N!
H 5 height of fundamental triangle~mm!
kb 5 bolt stiffness~N/m!
km 5 member stiffness~N/m!
K f 5 fatigue stress concentration factor
Kt 5 stress concentration factor
L 5 bolt grip length~mm!
P 5 external load~N!
p 5 thread pitch~mm!
q 5 notch sensitivity factor

r a 5 inside radius of applied external load~mm!
r b 5 outside radius of applied external load~mm!

r min 5 minimum radius of bolt thread fillet
Sp 5 proof strength of bolts~N/m2!

Td2 5 tolerance on pitch diameter of external thread~mm!
t1 5 thickness of top member~mm!
t2 5 thickness of bottom member~mm!
Table 2 Theoretical „geometric … stress concentration factors
Transactions of the ASME
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n 5 Poison’s ratio
sb 5 nominal stress applied to nominal diameter of bolt

~N/m2!
s t 5 nominal stress in threaded portion of bolt~N/m2!

References
@1# Oberg, E., Jones, F. D., Holbrook, H. L., and Ryffel, H. H., 1996,Machinery’s

Handbook, Industrial Press, 25th Edition.
@2# Avallone, A. A., and Baumeister, III, T., 1996,Marks’ Standard Handbook for

Mechanical Engineers, McGraw-Hill, 10th Edition.
@3# Lehnhoff, T. F., and Bunyard, B. A., 1998, ‘‘Effects of Bolt Threads on t
Journal of Pressure Vessel Technology

loaded 05 Jan 2011 to 18.7.29.240. Redistribution subject to ASME lice
e

Stiffness of Bolted Joints,’’ ASME, Anaheim, CA, Recent Advances in Sol
and Structures, PVP-Vol. 381, pp. 141–146.

@4# Lehnhoff, T. F., and Wistehuff, W. E., 1994, ‘‘Nonlinear Effects on the Stif
ness of Bolted Joints,’’ ASME Pressure Vessels and Piping Conference, M
neapolis, MN.

@5# Lehnhoff, T. F., and Wistehuff, W. E., 1996, ‘‘Nonlinear Effects on the Stif
ness of Bolted Joints,’’ ASME J. Pressure Vessel Technol.,118, pp. 48–53.

@6# Shigley, J. E., and Mischke, C. R., 1989,Mechanical Engineering Design,
McGraw-Hill, 5th Edition.

@7# Norton, R. L., 1996,Machine Design an Integrated Approach, Prentice-Hall.
@8# Pilkey, Walter D., 1997,Peterson’s Stress Concentration Factors, Wiley, 2nd

Edition.
MAY 2000, Vol. 122 Õ 185

nse or copyright; see http://www.asme.org/terms/Terms_Use.cfm


	2011_05_11 MWRA Report Final - Appendix Set.pdf
	MWRA Report-Final.pdf
	A193A193M.kpfr0879.pdf
	C207-07.pdf
	Frontmtr.pdf
	Steel Pipe Flanges for Waterworks Service- Sizes 4 In. Through 144 In. (100 mm Through 3,600 mm)
	AWWA Standard
	American National Standard
	Science and Technology
	Copyright © 2007 by American Water Works Association Printed in USA

	Committee Personnel
	The Steel Water Pipe-Manufacturers Technical Advisory Committee (SWPMTAC) Task Group on updating AWWA C207, which developed this standard, had the following personnel at the time:
	Bruce Vanderploeg, Chair
	The AWWA Standards Committee on Steel Pipe, which reviewed and approved this standard, had the following personnel at the time of approval:

	John H. Bambei Jr., Chair George J. Tupac, Vice-Chair Dennis Dechant, Secretary
	General Interest Members
	Producer Members
	S.A. Arnaout, Hanson Pipe & Products Inc., Dallas, Texas (AWWA)
	H.H. Bardakjian, Ameron International, Rancho Cucamonga, Calif. (AWWA)
	M. Bauer, Tnemec Company Inc., North Kansas City, Mo. (AWWA)
	R.J. Card, Victaulic Depend-O-Lok Inc., Atlanta, Ga. (AWWA)
	R.R. Carpenter, American Cast Iron Pipe Company, Birmingham, Ala. (MSS)
	D. Dechant, Northwest Pipe Company, Denver, Colo. (AWWA)
	B.D. Keil, Continental Pipe Manufacturing Company, Pleasant Grove, Utah (SPFA)
	J.L. Luka,*American SpiralWeld Pipe Company, Columbia, S.C. (AWWA)
	B.F. Vanderploeg, Northwest Pipe Company, Portland, Ore. (AWWA)
	J.A. Wise, Canus International Sales Inc., Langley, B.C. (AWWA)

	User Members
	J.V. Young, City of Richmond, Richmond, B.C. (AWWA)

	This page intentionally blank.


	MasterTOC.pdf
	Foreword.pdf
	Standard.pdf

	2011_04_13 Appendix A.pdf
	J. PV Technology Vol. 122, Issue 2, p180, May 2000.pdf




