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BACKGROUND



ASME – American Society of Mechanical Engineers

• Boiler and Pressure Vessel Code (BPVC)
− Standard that regulates design and construction of boilers and 

pressure vessels
− Our focus is on two primary Sections of Code; III and XI

• Section III (Construction of Nuclear Facility Components), 
Division 5 (High Temperature Reactors)
− New division, created to support unique issues surrounding 

construction of HTR designs
− Subsection HH, Subarticle A (Graphite - HHA)
− Subsection HH, Subarticle B (Composites - HHB)

• Section XI (Rules for Inservice Inspection of Nuclear Power 
Plant Components), Division 2 (Requirements for Reliability 
and Integrity Management (RIM) Programs for Nuclear Power 
Plants)
− Rules for observing performance of components during 

operation
− Inspection for degradation, (potentially) damage tolerance

*Information taken from [8].



SCOPE

HHA-3100

• Graphite core components and graphite core 
assemblies

• For the reactor pressure vessel of a high 
temperature, graphite moderated fission 
reactor

• Not fuel compacts, bearings, seals, 
instrumentation, etc.

• Assessments provide design targets and may 
not accurately predict cracking rate

• The designer separately must evaluate the 
effects of cracking and ensure the assembly 
is damage tolerant

*Information taken from [8].



Assessments
• Nuclear graphite core components & assemblies
• Assessments: Full and simplified

− Semi-probabilistic
• Design targets, not damage tolerance
• Design targets are a function of:

− Material reliability curve
− Component stress distribution
− Component structural reliability class (SRC)

• Assessment interpretation: component passes/fails assessment
• Have to look deeper on a component-by-component basis as to why the component 

passes/fails the assessments
• The assessments do not account for oxidation/irradiation/etc. changes in material 

reliability curves (yet)
• Assessments presented as written (with the exception that the shape is updated in full)

*Information taken from [8].



ASSESSMENT OPTIONS

Design by Test Design by Analysis

*Components must pass just ONE of the 
assessments.



WHERE DO THE ASME DESIGN CODES COME FROM?

• Basis for approach: Kerntechnischer Ausschuss (KTA) Nuclear Safety Standards 
Commission (German KTA-3232)

• Approach modified by Dr. Hindley, published in his thesis (2015), Stellenbosch University



ASSESSMENT ASSUMPTIONS

• Graphite material reliability curves are based on tensile strengths from dogbone specimens broken according to ASTM C739

• Tensile strength can be modeled by the 2- & 3-parameter Weibull distributions well

• Margin is sufficiently captured by using
− Lower bounds of upper 95% confidence intervals on estimated Weibull parameters to account for sampling uncertainty
− Low probability of failures (POFs), in accordance with component SRC
− Assumes components are stressed in pure tension 

• Simplified assessment is more conservative than the full

• Material strength distributions do not change with irradiation, oxidation, etc.

• Graphite behaves according to weakest link theory

• Graphite tensile strength no longer changes once a minimum volume (𝑉𝑉𝑚𝑚) has been achieved

SIMPLIFIED & FULL

FULL ONLY



Weibull distributions
• Probability density function
• Cumulative density function
• Experimental tensile strength distribution

− Threshold: Stresses below threshold 
have 0 POF

− Characteristic strength: “Typical 
strength”

− Shape: How failure rate changes with 
strength (skew)

• Estimation methods
• Sampling uncertainty

Weibull CDF: 𝐹𝐹 𝜎𝜎 𝜆𝜆, 𝑘𝑘, 𝜇𝜇 = 1 − 𝑒𝑒−
𝜎𝜎−𝜇𝜇
𝜆𝜆

𝑘𝑘

*Images copied from [3] for illustration



Semi-probabilistic approach to design

Component 
FE equivalent tensile stress

Experimental ultimate 
Tensile strength

*Image copied from [7] for illustration



Weakest link theory of brittle materials

*Slide is copied from Ref [4].



PRE-ASSESSMENT 
TESTING AND ANALYSIS



Pre-assessment analysis: Experimental data
• Experimental data

− Material data sheet
− Sample size requirements
− Drawings

Lot 1 Lot 2 Lot 3

Billet 
3-1

Billet 
3-2

Billet 
3-3

Billet 
3-4

… 24 …

… 4*24=96 … … 4*24=96 …

… 24 …… 24 …… 24 …

Grade

Compression Flexural Tensile

HHA-III-4100 Sampling Requirements:
n=288

*Information taken from [8].



2-parameter Weibull 
distributions for DOE 
ART Baseline Program 
tensile strength data

NBG-18
NBG-17
PCEA
IG-110
2114
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*Note: plots represent Weibull 
parameters estimated using least 
squares regression (LSR)



3-parameter MLEPCEA 01D3-36: n=127 NBG-18 n=508 NBG-17 n=223

IG-110 n = 290
2114 n=324



ART Baseline Program [6]
 Tensile Weibull Parameter Estimates

2 Parameter Weibull 
LSR 2 Parameter Weibull LSR LB

Material N Char. Streng Shape Char. Streng Shape
PCEA-36 127 19.69265 6.492431 19.27309 5.74336
NBG18 508 20.09379 12.88491 19.97917 12.10394
NBG17 223 21.26848 17.04267 21.13391 15.56016
IG110 290 27.68002 16.03679 27.51515 14.80432
2114 324 34.76101 18.77677 34.59296 17.40437

3 Parameter Weibull MLE
3 Parameter Weibull MLE 

LB

Material N Thres
Char. 
Streng Shape

Char. 
Streng Shape

PCEA-36 127 9.95 19. 4053 2.794 18.8997 2.481
NBG18 508 15.613 21.2905 4.15761 21.1245 3.79762
NBG17 223 15.6131 21.2905 4.15761 21.1245 3.79762
IG110 290 15.129 27.975 6.74376 27.608 6.26451
2114 324 20.5019 34.6989 7.14811 34.5091 6.654

*Note that none of the graphite grades here meet the sampling requirements of ASME BPVC HHA-III-4100  



Pre-assessment analysis: FE model
• FE model

− Model of the geometry
− All relevant loading conditions
− Excel output

*Image above for illustration only, figure from [5]

*Information taken from [8].



SIMPLIFIED ASSESSMENT



SIMPLIFIED ASSESSMENT APPROACH

Weibull CDF: 

𝐹𝐹 𝜎𝜎, 𝑆𝑆𝑐𝑐0.05,𝑚𝑚0.05 = 1 − 𝑒𝑒
− 𝜎𝜎

𝑆𝑆𝑐𝑐0.05

𝑚𝑚0.05

Allowable tensile stress SRC-1: 

𝑆𝑆𝑔𝑔 10−4 =  𝑆𝑆𝑐𝑐0.05
∗ −𝐿𝐿𝑁𝑁 1 − 10−4

1
𝑚𝑚0.05

Allowable flexural stress SRC-1: 
𝑅𝑅𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝑔𝑔 10−4



Membrane Stress = Force/Area

Tensile DogboneForce, F

Cross sectional area, A

Peak Equivalent Stress

Simplified 
Assessment 
Checks:
1.MS < Allowable 

tensile stress
2.PES < 

Allowable 
flexural stress

*note allowable stresses 
are fixed by grade and 
component SRC, however 
we wouldn’t put this in the 
Code because graphite 
material properties may 
change



*Information taken from [8].



Simplified Assessment SRC-1 Stress Limits

Note: Simplified assessment limits are FIXED by GRADE and 
component SRC, they do not change by component stress 
distribution



DEFINING (INTERPRETING) “FAILURE” PER THE 
SIMPLIFIED ASSESSMENT

“THEORETICALLY” = “PRACTICALLY”

Cross sectional area, A

Peak Equivalent 
Stress



FULL ASSESSMENT



Full Assessment: Stress 
averaging through volume 
grouping, smearing the stress 
distribution

(2g) (2)

(3)

(4)

(5)

(6)

(7)

(2f)

(2g) (1)

*Information taken from [8].



Mesh Max Princ. 
Stress

Groups

Broken 
tensile 
specimen



FULL ASSESSMENT CASE STUDY 1:
3D REFLECTOR BLOCK



Reflector block application

• VHTR reflector block
• Temperature profile below
• Proximity to fuel bricks
• For design specification & material 

qualification (temperature, dose, 
oxidative environment), see 
references in [1] H-451 material 
properties, [REF]

Temp (K) Fluence (n/m^2) after 8 years
Images taken from [1]

MACKAL
Rectangle



Equivalent Stress Distributions Years 1,2,4,&8



Full Assessment

• Convert internal FE stresses to equivalent tensile stresses
• Threshold reduction step

− Adjust strength distribution based on peak equivalent stress
• Remove elements with equivalent tensile stresses below the original threshold

− Original mesh: 625,650 elements (coarsened relative to [1] for efficiency)
− Truncated mesh: 47,116 elements
− 7.5% of the elements remain for analysis after year 8



Threshold reduction: Years 1,2,4,&8; 𝑺𝑺′ = 𝟕𝟕.𝟐𝟐𝟐𝟐 𝑴𝑴𝑴𝑴𝑴𝑴

𝑷𝑷𝑷𝑷𝑷𝑷
𝑺𝑺𝒄𝒄𝟎𝟎.𝟎𝟎𝟎𝟎

= 𝟎𝟎.𝟗𝟗𝟗𝟗 

𝑷𝑷𝑷𝑷𝑷𝑷
𝑺𝑺𝒄𝒄𝟎𝟎.𝟎𝟎𝟎𝟎

= 𝟎𝟎.𝟓𝟓𝟓𝟓 

𝑷𝑷𝑷𝑷𝑷𝑷
𝑺𝑺𝒄𝒄𝟎𝟎.𝟎𝟎𝟎𝟎

= 𝟎𝟎.𝟐𝟐𝟐𝟐 

𝑷𝑷𝑷𝑷𝑷𝑷
𝑺𝑺𝒄𝒄𝟎𝟎.𝟎𝟎𝟎𝟎

= 𝟎𝟎.𝟏𝟏𝟏𝟏 

𝑆𝑆′′ = 1.09

𝑆𝑆′′ = 4

𝑆𝑆′′ = 2.16

𝑆𝑆′′ = 6.88
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KEY POINTS

• Component stress distribution is closer to the original strength distribution each 
subsequent year

• As a consequence, the threshold is reduced less each subsequent year
• Components with larger peak stresses will be compared to stronger strength distributions, 

for the same material 
• Components with lower peak stresses will be compared to weaker strength distributions, 

for the same material
• The threshold reduction based on the component’s peak equivalent stress makes it 

harder to qualify components with low peak stresses (almost a penalty)
• However, the penalty is necessary because there is no lower bound used for the 

threshold parameter and for the lack in ability to capture the disparate flaw mode



Groups



Why is the reflector block failing the 
assessment after 2, 4, & 8 years?

𝑷𝑷𝑷𝑷𝑷𝑷 = 𝟎𝟎.𝟗𝟗𝟗𝟗
16.9% groups POS>0.9999

𝑷𝑷𝑷𝑷𝑷𝑷 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎
100% groups POS>0.9999

𝑷𝑷𝑷𝑷𝑷𝑷 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎
84.6% groups POS>0.9999

𝑷𝑷𝑷𝑷𝑷𝑷 = 𝟎𝟎.𝟐𝟐𝟐𝟐
44% groups POS>0.9999



Visualizing POS output for Year 8

𝑷𝑷𝑷𝑷𝑷𝑷 = 𝟎𝟎.𝟗𝟗𝟗𝟗
16.9% groups POS>0.9999

POS>0.9999
POS≤ 0.9999



DEFINING “FAILURE” PER THE FULL ASSESSMENT

“THEORETICALLY”

VS.
“PRACTICALLY”



Interpreting the full assessment: 
Why did this component fail the full assessment?

• THEORETICALLY: THERE IS ONE GROUP THAT IS THE WEAKEST GROUP, THAT 
CAUSES THE ENTIRE COMPONENT TO “FAIL THE ASSESSMENT”

• PRACTICALLY: IN THIS CASE, THE FRACTION OF GROUPS WITH HIGH POS 
HAD TO BE LARGE ENOUGH FOR THE COMPONENT TO PASS, LIKELY TO BE 
TRUE FOR ALL COMPONENTS WITH MANY GROUPS

Interpreting the full assessment: 
Why might a general component fail the full assessment?

• NO GENERAL RULE, REASON COMPONENT FAILS WILL VARY BY COMPONENT 
AND STRESS DISTRIBUTION

• PRACTICALLY: 
− LARGE COMPONENTS WITH MANY GROUPS WILL BE MORE DIFFICULT TO 

PASS FULL ASSESSMENT, REGARDLESS OF STRESS DISTRIBUTION
− SMALL COMPONENTS WITH HIGH STRESS CONCENTRATORS WILL BE 

DIFFICULT TO PASS FULL ASSESSMENT
− OTHER GENERAL RULES TBD?



CONCLUSIONS
• ASME nuclear graphite component design Codes provide semi-probabilistic approaches to 

determining whether a component is suitable to be used in a nuclear reactor
• The suitability is a function of both the graphite grade’s mechanical properties and the component’s 

design, stress distribution, and SRC classification
• Two design by analysis options: the full and simplified assessments
• Requires both experimental data and FE stresses as inputs to assessments
• Margin is built in by using ultimate tensile strengths, accounting for sampling uncertainty in the 

graphite’s tensile strength distribution, and only allowing lower POFs on the material reliability curve 
based on the component’s function in supporting the core

• The outcome of the assessments is whether the component passes or fails the given assessment
• Subsequent analysis can be done to try and understand why the components fail the assessments, 

but this must be done on a component-by-component basis
• ASME provides NO guidelines to determine whether or not a group “fails”, nor whether a group 

“cracks”
• Please refer to [1] for an example as to how others are determine when/where cracks initiate
• The assessments do not account for changes in mechanical strength as a function of 

oxidation/irradiation (yet)
• The assessments still have many issues that are being addressed by the Design TG



OVERVIEW

*Information taken from [8].



WHAT THE DESIGN TASK GROUP IS CURRENTLY 
WORKING ON

Justifying the shape 
parameter update 

when the threshold 
is reduced in the full 

assessment

Fixing the grouping 
rules in the full 
assessment

Understanding 
where the SRC limits 

come from

Correct 
interpretations of 

assessments

Assessing volume 
effects on splitting 

disk strengths 
relative to dogbones

Clarifying 
terminology Assessing margin



OTHER POTENTIAL INTERESTING WORK

• Compare ASME BPVC design guidelines to other Codes
• Experimental failure data from real size components (AGR block slices?)



THANK YOU FOR YOUR TIME

SPECIAL THANKS TO THE DESIGN 
TASK GROUP, WHOSE MEMBERS ARE 
ALL WORKING COLLABORATIVELY TO 
CORRECT AND UNDERSTAND THE 
ASME GRAPHITE COMPONENT 
DESIGN CODES. THIS WORK COULD 
NOT BE COMPLETED WITHOUT THEIR 
CONTRIBUTIONS.



REFERENCES
• [1] Spencer, B.W., et. al. (2023). Initial fracture propagation modeling of graphite components with Grizzly. Idaho National Laboratory. INL/RPT-23-74062

• [2] Noel Nemeth, Andrew Walker, Eric Baker, Pappu Murthy, Robert Bratton,
Large-scale Weibull analysis of H-451 nuclear-grade graphite rupture strength,
Carbon, Volume 58, 2013, Pages 208-225, ISSN 0008-6223,
https://doi.org/10.1016/j.carbon.2013.02.054.
(https://www.sciencedirect.com/science/article/pii/S0008622313001954)

• [3] Wikipedia contributors. (2023, August 25). Weibull distribution. In Wikipedia, The Free Encyclopedia. Retrieved 21:51, September 13, 2023, 
from https://en.wikipedia.org/w/index.php?title=Weibull_distribution&oldid=1172240099

• [4] Gustafsson, P.J. (2014). Lecture notes on some probabilistic strength calculation models. Lund University: Department of Construction Sciences, Division of Structural 
Mechanics. ISRN LUTVDG/TVSM—14/7161—SE(1-31). ISSN0281-6679.

• [5] Nicolas, A., Messner, M.., Sham, T.L. (2020). Preliminary design analysis workflow for Division 5 HHA-3200 requirements for graphite core components. ANL-ART-197. 
https://publications.anl.gov/anlpubs/2020/08/161661.pdf 

• [6] INL Advanced Reactor Technologies, Technology Development Office (2021). ATR Operational Data for Cycle 169 A – 63.6 EFPDs (DataCycle169A) [Data set]. Nuclear Data 
Management and Analysis System. https://ndmashome.inl.gov/atr-ops

• [7] Long, M.W., & Narcisco, J.D. Probabilistic design methodology for composite aircraft structures. DOT/FAA/AR-99/2. https://apps.dtic.mil/sti/tr/pdf/ADA365683.pdf

• [8] American Society of Mechanical Engineers. Boiler and Pressure Vessel Code, New York. 2023. 

https://doi.org/10.1016/j.carbon.2013.02.054.
https://www.sciencedirect.com/science/article/pii/S0008622313001954)
https://en.wikipedia.org/w/index.php?title=Weibull_distribution&oldid=1172240099
https://ndmashome.inl.gov/atr-ops
https://apps.dtic.mil/sti/tr/pdf/ADA365683.pdf


END


