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ABSTRACT 

The American Society of Mechanical Engineers Boiler Pressure and Vessel 
Code (ASME BPVC) Section III, Division 5, Article HHA-3000 outlines 
graphite core component and graphite core assembly design guidelines. Graphite 
core components are defined as “components manufactured from graphite that 
are installed to form a graphite core assembly within the reactor pressure vessel 
of a high temperature, graphite moderated fission reactor” [1, p. 413]. Graphite’s 
inherent defect distributions do not allow for deterministic material reliability. 
Rather, graphite has variable strength distributions which change by grade. 
Article HHA-3000 outlines two semi-probabilistic methods, the full and 
simplified assessments, which set design load limit targets for each of the three 
component structural reliability classes. The Graphite Design Analysis Task 
Group (TG) was officially recognized as a specialized task group within ASME 
in November 2023 (even though group members have been collaborating since 
2022).  

The Graphite Design Analysis TG’s purpose is to correct, clarify, and make 
HHA-3000 function as intended. After the group has achieved its objectives, it 
will come to an end. Note the Graphite Design Analysis TG was specifically told 
not to write new Code. While there may be more precise and more accurate 
methods to determine reliability targets, the current methods are conservative, 
relatively simple to implement, and have thus far been considered satisfactory for 
setting design reliability targets. Much of the groundwork to write proposal files 
and background documents for records to make the changes needed to achieve 
the objective have been completed.  

The Graphite Design Analysis TG has documented much of its work through 
papers, presentations, and memoranda. Three memoranda in which INL team 
members had substantial contributions are found in Appendix A, “FEA Modeling 
for the Baseline Program,” Appendix B, “Evaluating the Effects on Margin of 
Updating the Threshold and Shape Parameters in the Full Assessment,” and 
Appendix C, “Interpretations of the Full and Simplified Assessments in ASME 
BPVC.” Most of the ongoing work to achieve the Graphite Design Analysis TG’s 
objective will be addressing comments on existing records and moving records 
through the balloting process.  
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ASME Design Code Rule Changes for Nuclear 
Graphite 

1. BACKGROUND 
The American Society of Mechanical Engineers Boiler Pressure and Vessel Code (ASME BPVC) 

Section III, Division 5, Article HHA-3000 outlines graphite core component and graphite core assembly 
design guidelines. Graphite core components are defined as “components manufactured from graphite 
that are installed to form a graphite core assembly within the reactor pressure vessel of a high 
temperature, graphite moderated fission reactor” [1, p. 413]. Graphite’s inherent defect distributions do 
not allow for deterministic material reliability. Rather, graphite has variable strength distributions which 
change by grade. Article HHA-3000 outlines two semi-probabilistic methods, the full and simplified 
assessments, which set design load limit targets for each of the three component structural reliability 
classes. 

Several mathematical errors, conceptual and terminology inconsistencies, and incomplete method 
sections currently exist in HHA-3000. Unfortunately, background documentation for the assessment 
methodologies is severely limited or non-existent, making it difficult or impossible to understand exactly 
the intent and justification of the original ASME BPVC (i.e., Code) authors. This presents issues with 
understanding the accuracy, margin, and limitations of the current Code assessments when implemented 
by actual commercial designers. Additionally, the lack of clear intent has made approving technical Code 
records by the ASME voting committees difficult. In August 2022, a kick-off meeting was held to form 
the Graphite Design Analysis Task Group (Design TG) to address these issues. The Design TG is 
composed of people working for commercial reactor vendors, an engineering consulting firm, and 
national laboratories. The Design TG became an official ASME specialized task group November of 
2023. Its charter is: 

The Graphite Design Analysis Task Group will correct, clarify, and modify to function as 
intended the Design Code rules for the use of graphite core components within a nuclear 
application, specifically within the article HHA-3000: Design. The Graphite Design Analysis 
Task Group will not write new Code. Specific strategic objectives include evaluating and 
modifying the Full and Simplified Assessment methodology along with the supporting sub-articles 
necessary to accurately complete the Design rules.a 

This milestone’s purpose is to provide an update on the Design TG’s progress toward completing the 
charter objective. Section 2 provides a refresher on the full and simplified assessment methods. Section 3 
gives an update on tasks and associated records to make changes in the ASME BPVC. Section 4 provides 
concluding thoughts. Appendix A, Appendix B, and Appendix C include more detailed information that 
serve as background documents for records issued in the past year. 

2. ASSESSMENTS 
2.1. Inputs 

There are three inputs required for the assessments: 

• Two- or three-parameter Weibull material reliability curves and parameter lower bounds 

• Component finite element (FE) model principal components output, converted to elemental 
equivalent tensile stresses 

 
a. Publicly available at the ASME Codes & Standards Tools Website, 

https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=103797119. 
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• Component structural reliability class (SRC).  

2.2. Simplified Assessment 
2.2.1. Method 

The simplified assessment requires two checks: the membrane stress must be less than the tensile 
reliability limit and the peak equivalent stress must be less than the flexural reliability limit. The tensile 
reliability limit is found by inverting the two-parameter lower bound material reliability curve based on 
the component’s SRC. The flexural reliability limit is found by multiplying the tensile reliability limit by 
the ratio of the median flexural strength to the median tensile strength (𝑅𝑅𝑡𝑡𝑡𝑡). Both reliability requirements 
must be met for a component to pass the simplified assessment. 

2.2.2. Output 
The component’s membrane stress and peak equivalent stress must both meet the calculated tensile 

and flexural reliability limits in order to pass the assessment. 

The simplified assessment is meant to be more conservative than the full, per the spirit of the Code. If 
a component fails to meet the simplified assessment reliability limits, the designer may choose to use the 
full assessment. 

2.3. Full Assessment 
2.3.1. Method 

The full assessment implements a modified Weibull-weakest link theory for brittle materials 
methodology. The full assessment uses the three-parameter lower bound Weibull distribution as the 
material reliability curve. The three-parameter Weibull distribution has a threshold, shape, and 
characteristic strength parameter. The full assessment method is as follows: modify the material reliability 
curve by reducing the threshold parameter based on the peak equivalent stress, group the FE model 
elements based on a minimum link volume criteria (𝑉𝑉𝑚𝑚) and based on a minimum stress range criteria (Δ), 
and calculate group probability of survivals (𝑃𝑃𝑃𝑃𝑆𝑆𝐼𝐼) by averaging stress by the proportional group volume. 

2.3.2. Output 
The output of the full assessment is a conservative component probability of failure (POF) estimate, 

where 𝑃𝑃𝑃𝑃𝑃𝑃 = 1 −∏𝑃𝑃𝑃𝑃𝑆𝑆𝐼𝐼. The component calculated POF is compared to the SRC reliability limit. As 
the Code states, the POF estimates but does not accurately predict the rate of cracking. Note depending on 
the design and loading configuration, cracking may or may not be related to safety (see Appendix C).  

3. TASKS AND RECORDS UPDATE 
3.1. Update on Tasks 

3.1.1. Simplified Assessment Issues 
Inconsistencies in stress terminology: The simplified assessment procedure is inconsistently defined 

throughout the Code. Depending on the section, the Code is said to rely on one or two stress-based failure 
criteria. Application of these criteria requires using linearized equivalent stresses obtained from either the 
normal stress or a tensile equivalent stress, which is derived from the maximum deformation energy 
(MDE) theory. MDE-based tensile equivalent stress was recommended for use in the simplified 
assessment. It was demonstrated that, for simple loading cases (e.g., compressive, tensile, and three-point 
bending tests), the simplified method remains conservative as long as the two failure criteria (i.e., on 
membrane and total stress) are being used. It is therefore recommended that these two failure 
criteria of the simplified assessment must be met using the tensile equivalent stress. Pierre-Alexandre 
Juan, from Kairos Power, is the record manager for R23-473 and is assigned to address these issues. It 
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was determined that the record would be split into two: R24-1128 will address the “low hanging fruit” of 
this record, providing clarifications, and R23-473 will attempt to make more extensive changes by 
removing unused Code sections 

Use of the 10-4 flexural limit: The FE peak equivalent tensile stress is compared to the 10-4 allowable 
tensile limit multiplied by the ratio of the mean experimental flexural strength to the mean experimental 
tensile strength (Rtf). Using the INL Advanced Reactor Technology’s unirradiated Baseline Graphite 
Characterization Program’s experimental data, it was verified that multiplying the 10-4 allowable tensile 
limit by Rtf raises the 10-4 tensile limit to an effective 10-4 flexural limit. The implication of using the Rtf 
factor on the simplified assessment’s conservatism relative to the full is still being further reviewed. 
Adam Walker, Westinghouse, led an analysis effort to verify this, and the work has been accepted in the 
Pressure Vessel & Piping (PVP) conference [2]. 

3.1.2. Full Assessment Issues 
Disparate flaw distribution: The full assessment contains a threshold reduction step when the graphite 

material strength curve is too high relative to the FE component stress distribution. The full assessment 
currently does not contain a step to update the shape parameter when the threshold is reduced, even 
though the two parameters are dependent. It is well documented in the literature that not adjusting the 
shape parameter with the threshold reduction allows the full assessment to become more conservative 
than the simplified assessment, contrary to the “spirit of the Code.” Not updating the shape parameter 
may have been intentional, to artificially create a new distribution with more mass in the left tail to better 
capture graphite’s disparate flaw mode. The disparate flaw mode of graphite is real, but thousands of 
samples are needed to accurately capture it experimentally, more than what is practical. This is 
demonstrated by the extensive mechanical strength data sets from British Power in association with the 
graphite fuel sleeves of the Advanced Gas Reactor design. The 95% lower bound three-parameter 
Weibull distribution with a reduced threshold and updated shape parameter appears to capture the 
disparate flaw modes seen in the Advance Reactor Technology’s unirradiated Baseline Graphite 
Characterization Program data sets conservatively, similar to the two-parameter Weibull distribution used 
in the simplified assessment. This modification is associated with R21-1581. Noting that the first two 
digits indicate the year of record initiation, it has taken a while for this record to get to the Working 
Group on Nonmetallic Design and Materials (WG-NMDM) level. Progress was made with the addition of 
an analysis this year showing how updating the shape parameter affects margin in the full assessment. 
The margin analysis was conducted using only the dog-bone geometries for the graphite grades studied in 
the Advance Reactor Technology’s unirradiated Baseline Graphite Characterization Program. For SRC-1 
components, margin was reduced by a maximum of 40% of the median experimental load when updating 
the shape parameter and using the 2023 Code version. See Appendix B for the detailed analysis. R21-
1581 has passed the WG-NMDM level and is continuing through the hierarchy of the ASME voting 
system. 

Tuning the minimum link volume and the relative stress range parameters: The full assessment 
implements a modified weakest link theory, where FE exponentiated equivalent tensile stresses are 
formed into groups having minimum link volume (Vm) and a minimum exponentiated stress range 
parameter of Δ. The original 2013 Code rules set Vm = 10 ∗ maximum grain size. However, this method 
of calculating Vm produced exceedingly small group volumes for fine grain graphite, resulting in overly 
conservative load limits for these grades. The 2021 BPVC version modified the calculation of Vm to be 
based upon Griffith’s theory and dependent upon the specific fracture toughness KIc of the graphite. This 
modification was primarily to increase 𝑉𝑉𝑚𝑚 for fine grain graphite grades, which proved to be overly 
conservative for medium grain graphites. 

The tuning subtask involved building and verifying FE model output for 31 component geometry and 
graphite grade combinations to determine the most limiting Vm. For a complete explanation of the FE 
modeling, please refer to Appendix A. Conclusions from these tuning studies indicate Vm is not a material 
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property, as previously thought. Rather, this work suggests 𝑉𝑉𝑚𝑚 is determined by the diameter of the gauge 
region of the tensile specimens tested to form the material reliability curve, regardless of graphite grade. 
This finding is consistent with what is in the literature. Michael Saitta from MPR Associates generated 
R23-2066 to adopt the change in 𝑉𝑉𝑚𝑚 found from the tuning study. This record was not approved at the 
WG-NMDM level when balloted Spring 2024. Please refer to Michael Saitta for updates regarding this 
work. 

3.1.3. Assessment Interpretation Issues 
R22-486 changed all uses of probability of “failure” to probability of “crack initiation” in HHA-3000. 

This change was made before the Graphite Design Analysis Task Group had formed and before the WG-
NMDM understood how the assessments worked. The WG-NMDM Chair tasked the Graphite Design 
Analysis Task Group with writing a consensus document on what the correct interpretations of the 
assessments in HHA-3000 are, why it is failure and not crack initiation, and suggestions moving forward 
(see Appendix C). 

3.2. Papers, Presentations, and Memos from the Graphite Design 
Analysis Task Group 

Over the past year, the Graphite Design Analysis Task Group has worked diligently to document 
progress on its tasks primarily through three mediums: papers, presentations, and memos. A reference list 
of those documents is provided below. 

Papers and Presentations  

• Mack, A., Hoffman, W., Bass, J., & Windes, W. 2023. Finite element model mesh refinement 
effects on qualification of nuclear grade graphite components, Proceedings of the ASME 2023 
Pressure Vessels & Piping Conference, PVP2023-107369. 

• Mack, A., Hoffman, W., Quick, J., & Windes, W. 2023. Qualifying nuclear graphite components 
using ASME guidelines, International Graphite Specialists Meeting 2023. 

• Mack, A. & Hoffman, W. 2024. Understanding the semi-probabilistic approaches in structural 
reliability used to set design reliability targets for graphite components using ASME BPVC 
methods, Proceedings of the ASME 2024 Pressure Vessels & Piping Conference, PVP2024-
123395. 

• Walker, A. & Mack, A. & Hoffman, W. 2024. Evaluation of the simplified assessment peak 
equivalent stress design limit probability of failure, Proceedings of the ASME 2024 Pressure 
Vessels & Piping Conference, PVP2024-123465. 

• Saitta, M. & Beirnaert, G. 2023. Simplified Method for Adjusting the Shape and Characteristic 
Strength Parameters of the Weibull Strength Distribution of Graphite Materials, Proceedings of 
the ASME 2023 Pressure Vessels & Piping Conference, PVP2023-105207 

Memos 

• 03/16/2023. Conservatism of full and simplified assessments. Memorandum to William Windes 
answering the NRC inquiry from January 2022, from Andrea Mack. 

• 06/07/2023. Request for additional testing to complete the tuning Vm and delta 
subtask.  Memorandum to William Windes and Wilna Geringer from Andrea Mack. 

• 09/07/2023. WG-NMD: Graphite Design Analysis Task Group internal memo or stress delta from 
Jarryd Potgieter.  

mailto:msaitta@mpr.com?subject=Michael's%20contact%20information
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• 10/25/2023. FEA modeling for the Baseline Program. Memorandum to Gerhard Strydom from 
William Hoffman. 

• 12/08/2023. Theoretical Vm for R23-2066. Memorandum to Michael Saitta from Andrea Mack. 

• 12/29/2023. Background information on the procedure for the calculation of probability of failure 
(HHA-3217) in the ASME Boiler & Pressure Vessel Code (BPVC), Section III, Division 5. 
Memorandum to the ASME Working Group on Nonmetallic Design and Materials from 
Gwennael Beirnaert. 

• 01/30/2024. Interpretations of the full and simplified assessments in ASME BPVC. Memorandum 
to ASME WG-NMDM from the ASME Graphite Design Analysis Task Group.  

• 02/30/2024. Evaluating the effects on margin from updating the threshold and shape parameters 
in the full assessment (HHA-3217, ASME BPVC Section III Div. 5). Memorandum to ASME 
WG-NMDM from Andrea Mack. 

3.3. Existing Records 
Changes to the ASME BPVC are made by approving records with proposed changes through a 

balloting process. Each record must have two documents: a proposal file with the proposed changes to 
ASME BPVC and a background document justifying the changes. The Graphite Design Analysis TG does 
not have voting rights. Balloting begins at the WG-NMDM. Once it passes the WG-NMDM, the ballot 
moves up to the Subcommittee on Design and the Subgroup on High Temperature Materials. Pending 
approval at all lower levels, a record is balloted at the Section III Standards committee. This rigorous 
balloting process provides high quality Codes. The Graphite Design Analysis TG has generated several 
records to modify HHA-3000, based on the findings in its tasks. The records are at various stages of the 
balloting process. Table 1 summarizes the existing record titles, numbers, and project managers. 
Background documents associated with the bolded records in the table (R21-1581 and R24-432), as well 
as the memorandum explaining all the FE modeling decisions made for the used graphite specimens, are 
found in the appendices. These memoranda were chosen because the Idaho National Laboratory (INL) 
team contributed the most to them. 

Table 1. ASME Graphite Design Analysis Task Group records summary (records in bold have 
background documents in the appendix). 

Record Title Record Number Project Manager Status 

Modify notation and definitions R20-1308 Andrea Mack (INL) Approved 

Update shape parameter in the 
full assessment 

R21-1581 Andrea Mack (INL) In-process 

Correct notation and equations in 
HHA-II-3200 

R23-170 Andrea Mack (INL) Approved 

Clarify use of LBs vs. MLEs in the 
full assessment 

R23-2401 Andrea Mack (INL) In-process 
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Record Title Record Number Project Manager Status 

Stress terminology in the simplified 
assessment: Major changes 

R23-473 Pierre-Alexandre Juan 
(Kairos Power) 

In-process 

Full assessment flow chart R23-1349 Gwennael Beirnaert 
(MPR) 

Approved 

Modify Vm R23-2066 Michael Saitta (MPR) In-process 

Assessment interpretations: POF 
vs. POCI 

R24-432 Andrea Mack (INL) In-process 

Stress terminology in the simplified 
assessment: Minor changes 

R24-1128 Pierre-Alexandre Juan 
(Kairos Power) 

In-process 

4. SUMMARY 
While there may be more precise and more accurate methods to determine reliability targets, the 

current methods are conservative, relatively simple to implement, and have thus far been considered 
satisfactory for setting design reliability targets. Much of the groundwork to write proposal files and 
background documents for records to make the changes needed to achieve the group’s objective have 
been completed. The Graphite Design Analysis TG has documented much of its work through papers, 
presentations, and memoranda. Three memoranda in which INL team members had substantial 
contributions are found in Appendix A, “FEA Modeling for the Baseline Program,” Appendix B, 
“Evaluating the Effects on Margin of Updating the Threshold and Shape Parameters in the Full 
Assessment,” and Appendix C, “Interpretations of the Full and Simplified Assessments in ASME 
BPVC.” Most of the ongoing work to achieve the Graphite Design Analysis TG’s objective will be 
addressing comments on existing records and moving records through the balloting process.  

5. REFERENCES 
1. American Society of Mechanical Engineers (ASME). 2023. “Boiler Pressure and Vessel Code 

(ASME BPVC) Section III, Division 5, Article HHA-3000.” New York: ASME. 

2. Walker, A., A. Mack, and W. Hoffman. 2024. “Evaluation of the Simplified Assessment Peak 
Equivalent Stress Design Limit Probability of Failure.” In Proceedings of the ASME 2024 Pressure 
Vessels & Piping Conference, PVP2024-123465. 
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