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Comments by the editor: 
 

Taking into account the meaning and usage of auxiliary verbs in the German language, in this translation the following 
agreements are effective: 
 

shall indicates a mandatory requirement, 

shall basically is used in the case of mandatory requirements to which specific exceptions (and only those!) 
are permitted. It is a requirement of the KTA that these exceptions - other than those in the 
case of shall normally - are specified in the text of the safety standard, 

shall normally indicates a requirement to which exceptions are allowed. However, the exceptions used, 
shall be substantiated during the licensing procedure, 

should indicates a recommendation or an example of good practice, 

may indicates an acceptable or permissible method within the scope of this safety standard. 
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Fundamentals 

(1) The safety standards of the Nuclear Safety Standards 
Commission (KTA) have the objective to specify safety-related 
requirements, compliance of which provides the necessary pre-
cautions in accordance with the state of the art in science and 
technology against damage arising from the construction and 
operation of the facility (Sec. 7 para. 2 subpara. 3 Atomic Ener-
gy Act - AtG) in order to achieve the fundamental safety functions 
specified in the Atomic Energy Act and the Radiological Protec-
tion Ordinance (StrlSchV) and further detailed in the Safety Re-
quirements for Nuclear Power Plants as well as in the Interpre-
tations on the Safety Requirements for Nuclear Power Plants. 

(2) As regards the design, fabrication, erection and inspection 
as well as operation and maintenance of the safety-relevant 
plant components, No. 3.1 (1) of the Safety Requirements for 
Nuclear Power Plants requires that such principles and proce-
dures are applied which meet the special safety requirements 
of nuclear technology. 

Safety requirement No. 3.4 (1) requires that the reactor coolant 
pressure boundary is constructed, arranged and operated such 
that the occurrence of rapidly extending cracks and of brittle 
fractures need not be assumed. 

For the components of the primary circuit the requirements of 
the aforementioned safety requirements are comprehensively 
concretized by the following safety standards: 

KTA 3201.1 Materials and Product Forms 

KTA 3201.2 Design and Analysis 

KTA 3201.3 Manufacture 

KTA 3201.4 In-service Inspections and Operational Monitoring 

as well as 

KTA 3203 Surveillance of the Irradiation Behaviour of Reac-
tor Pressure Vessel Materials of LWR Facilities 

KTA 3205.1 Component-Support Structures with Non-Integral 
Connections; 
Part 1: Component-Support Structures with Non-In-

tegral Connections for Components of the 
Reactor Coolant Pressure Boundary of Light 
Water Reactors. 

For systems outside the primary circuit the requirements are 
concretized in the following safety standards: 

KTA 3211.1  Pressure- and activity-retaining components of 
systems outside the primary circuit; 
Part 1: Materials 

KTA 3211.2 Pressure- and activity-retaining components of 
systems outside the primary circuit;  
Part 2: Design and Analysis 

KTA 3211.3 Pressure- and activity-retaining components of 
systems outside the primary circuit;  
Part 3: Manufacture  

KTA 3211.4 Pressure- and activity-retaining components of 
systems outside the primary circuit;  
Part 4: In-service Inspections and Operational 

Monitoring 

KTA 3205.2 Component-Support Structures with Non-Integral 
Connections; 
Part 2: Component-Support Structures with Non-In-

tegral Connections for Pressure- and Activity-
Retaining Components of Systems Outside 
the Primary Circuit 

Note: 

This KTA safety standard refers to both the standard series of KTA 
3201 and the standard series of KTA 3211, where the KTA 3201 
standard series shall apply to primary circuit components and KTA 
3211 standard series to components outside the primary circuit re-
spectively. 

According to safety requirement No. 3.4 (4) restricted leak and 
break assumptions may be claimed for piping systems and 
components of the reactor coolant pressure boundary and for 
pressure-retaining walls of components outside the primary cir-
cuit for which, within the design concept, catastrophic failure 
need not be assumed during plant operation. For these piping 
systems and components a verification is required that defects 
to be assumed in pressure-retaining walls cannot lead to a leak 
or rupture of the piping system or component which put the re-
stricted leak and break assumptions into question. 

KTA safety standard 3206 “Break preclusion verifications for 
pressure-retaining components in nuclear power plants” is in-
tended to concretize these measures and verifications within its 
range of application. 

(3) The task of this safety standard is to determine the proce-
dures for break preclusion verification and to include require-
ments for the: 

a) assessment of quality upon design and manufacture 

b) safeguarding of quality during operation 

ba) proof of quality ascertained during previous operation 

bb) safeguarding of the required quality for further opera-
tion 

c) calculation process for evaluating postulated cracks and 
manufacturing defects. 

(4) The general quality assurance requirements are laid down 
in KTA 1401. In addition, the specific quality-relevant require-
ments laid down in KTA safety standard series 3201 and 3211 
shall be observed. Special quality assurance requirements 
which are to be observed for break preclusion verifications are 
laid down individually in this standard. KTA safety standard 
1403 lays down technical and organisational measures for early 
identification of ageing phenomena relevant to nuclear power 
plant safety and for maintaining as-required quality conditions. 

 

1 Scope 

This safety standard shall be applied to pressure-retaining com-
ponents and systems in nuclear power plants with light-water 
reactors for which restricted break and leak assumptions (break 
preclusion) are assumed, especially with reference to reaction 
and jet forces on pipes, components, component internals, 
electrical equipment inside the containment and parts of build-
ings. 

 

2 Definitions 

(1) Basis Safety 

The basis safety of a plant part is subject to the following re-
quirements: 

a) high-quality material properties, especially toughness 

b) conservative stress limitation 

c) avoidance of peak stresses by optimum design 

d) guarantee of application of optimized manufacturing and in-
spection technologies 

e) knowledge and evaluation of defect conditions, if any 

f) consideration of service fluid environmental conditions 

Where the requirements laid down in KTA safety standards 
KTA 3201.1 to KTA 3201.3 and KTA 3211.1 to KTA 3211.3 re-
spectively are observed, component basis safety will be ob-
tained to exclude catastrophic failure of a plant part due to man-
ufacturing defects. 
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(2) Basis safety concept 

The basis safety concept lays down four further principles (so-
called independent redundancies) in addition to the basis safety 

a) multiple testing principle, e.g. independent quality assur-
ance, 

b) worst-case-principle, e.g. consideration of most unfavoura-
ble conditions according to the current state of knowledge, 

c) principle of plant monitoring and documentation, e.g. moni-
toring of operational parameters relevant to component in-
tegrity, in-service inspections, 

d) verification principle, e.g. experimental verification of the 
procedures applied. 

These principles are technical requirements which justify the 
application of break preclusion (restricted leak and break as-
sumptions for the leak postulate 0.1F covering such assump-
tions or for values less than 0.1F based on fracture-mechanical 
evaluations instead of the break postulate 2F). 

(3) Break preclusion 

Break preclusion means the preclusion of 

a) instable failure and 

b) excess of pre-determined leak size  

of a pressure-retaining component under given boundary con-
ditions over the total operational lifetime by means of determin-
istic procedures. 

(4) Resistance to fracture 

Resistance to fracture means the safety against failure by in-
stable crack propagation. 

(5) Integrity 

Integrity is the condition of a component or barrier at which the 
safety requirements with regard to strength, resistance to frac-
ture and leak tightness are met. 

(6) Integrity concept 

The integrity concept is the further development of the basis 
safety concept by concretizing the measures and verifications 
for safeguarding the quality required for the integrity of a com-
ponent or system over its total operational lifetime. The integrity 
concept comprises the: 

a) proof of the as-required quality upon design and manufac-
ture (basis safety), 

b) proof of the existing quality upon previous operation, 

c) safeguarding of the required quality for further operation. 

(7) Leak-before-break (LBB) 

Leak-before-break means the property of a pressure-retaining 
system area which ensures that a through-thickness crack is 
sub-critical to instability under all operational and accident load-
ings and that a leak arising from such through-thickness crack 
is detected in time under the operational loadings of steady-
state operation so that intervention of plant operation is ensured 
before global component failure occurs. 

(8) Quality, required 

Required quality means the condition of a part, component or 
system with respect to their capability of meeting the specified 
requirements. 

(9) Damage mechanisms  

Damage mechanisms are all physical, chemical and biological 
processes which may impair the integrity or function of a com-
ponent. 

3 Basic requirements for components with break pre-
clusion 

(1) Break preclusion is subject to the application of the integ-
rity concept (Figure 3-1). 

(2) Where the verifications are made and measures are taken 
required according to the integrity concept respectively, Figure 
3-1, restricted break and leak assumptions can be utilized for 
the components and systems considered. 

(3) The integrity of the components and systems of the reac-
tor coolant pressure boundary and the systems outside the pri-
mary circuit for which restricted break and leak assumption are 
utilized shall be ensured by a complete concept (integrity con-
cept) acc. to section 3 of KTA 3201.4 over the total operational 
lifetime. 

Note: 

This safety standard contains requirements and supplementary 
specifications in excess of the requirements laid down by KTA 
3201.4. 

(4) The requirements for basis safety are to be met. 

(5) The toughness of ferritic steels shall meet the require-
ments of KTA 3201.1, subpara. 3.2.4.2 (6) or KTA 3211.1, para. 
4.3.1 unless the criteria of A 1 (2) or A 1 (4) are to be applied. 

(6) The relevant damage mechanisms determined to KTA 
1403, para 4.1.2 and their effects on integrity shall be shown in 
relation to the respective component, be evaluated as regards 
their causes and consequences and be limited by taking suita-
ble measures such that the quality is not inadmissibly affected. 

(7) As regards operation, the design and construction shall 
ensure that corrosive damage mechanisms, especially crack-
forming corrosion, such as stress corrosion cracking (SCC) or 
strain-induced corrosion (SIC), relevant vibration loads, (e.g. 
steady-state vibrations, resonant vibrations) need not be as-
sumed. In addition, the design, manufacture and optimized 
operating mode shall ensure that no non-specified effects, es-
pecially short-time dynamic loadings (e.g. due to water ham-
mer, transient condensation shocks) need be assumed. 

The effectiveness of the measures taken shall be checked dur-
ing manufacture, commissioning as well as operation. 

(8) Where the state of knowledge as regards safeguarding of 
component integrity during operation is changed (see KTA 
3201.4, Figure 3-1), the changes shall be evaluated with re-
spect to the properties relevant to break preclusion and 
measures be taken, where required. 

Note: 

This may also be documented within a status report to be estab-
lished acc. to KTA 1403. 

(9) In case of service-induced relevant indications (conse-
quences of operational damage mechanisms) one of the criteria 
mentioned under (6) and (7) is no more satisfied. In such a case 
it is required to 

a) determine and eliminate the causes of the effective damage 
mechanisms, 

b) establish anew the measures to be taken for meeting the 
requirements for break preclusion. 
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Figure 3-1: Essential elements of the integrity concept 

 
4 Procedure for demonstration of break preclusion 

4.1 Required demonstrations 

The following shall be demonstrated: 

a) Proof of quality upon design and manufacture (basis safety) 
to section 4.2,  

b) Proof of existing quality upon previous operation to section 
4.3, 

c) Proof of safeguarding of the required quality for further op-
eration to section 4.4. 

 

4.2 Proof of quality upon design and manufacture 

(1) The components and systems shall be described and it 
shall be demonstrated that they satisfy the general principles of 
Section 3. The records shall contain any data relevant to the 
verification objective and include at least: 

a) design data sheets and pipe loading specifications acc. to 
KTA 3201.3, Table 4-2 or KTA 3211.3, Table 4-3, 

b) water chemistry (chemical and physical values to be ob-
served, type and extent of monitoring), 

c) pipework isometric drawings, fabrication drawings,  

d) manufacturing processes and product forms for the purpose 
of evaluating their possible influences on material properties 
or damage mechanisms, 

e) location and type of welds,  

f) material properties of product forms and welds (including 
heat treatment as well as results of welding procedure qual-
ifications and production control tests), 

g) design and location of component support structures, 

h) stress, fatigue and fracture mechanics analyses, 

i) information on non-destructive testing during fabrication 
(test methods applied incl. recording levels and evaluation 
threshold, extent of testing) and on in-service inspections 
(test methods applied incl. recording levels and evaluation 
threshold, extent of testing and inspection intervals), 

j) information of operational monitoring  

ja) type and extent of monitoring of loadings (e.g. temper-
ature, pressure, displacements, vibrations), 

jb) leakage monitoring.  

k) system and component related representation of damage 
mechanisms possible during operation and the causes of 
these damage mechanisms. 

(2) For the analyses mentioned under (1) h) the relevant load-
ings shall be determined on the basis of the current loading 
level specifications. These shall also cover reaction forces from 
postulated leak assumptions (≤ 0.1F) which are assumed to oc-
cur at any weld location and highly loaded base material areas 
(especially at bends). Highly loaded base material areas are ar-
eas where one of the following criteria applies: 

a) the utilization of allowable stresses to KTA 3201.2 or 
KTA 3211.2 in one of the loading levels A, B, C or D exceeds 
80%. 

b) The usage factor exceeds the fatigue attention values de-
termined by KTA 3201.4. 

(3) Where during commissioning of the component or system 
indications for possible non-specified loadings are found, e.g. 
dynamic (vibration) loadings, temperature differentials, thermal 
stratification, temperature asymmetries, restraint to thermal ex-
pansion, they shall be analysed and measures shall be taken 
to record, to evaluate and - where necessary - to minimise such 
loadings during operation. 

(4) The as-built design of components and systems shall be 
described (manufacturing documents). Deviations from data 
given in the design documents to (1) shall be described sepa-
rately. In this case, the following shall specifically be docu-
mented: 

a) repair work performed,  

b) defect condition upon manufacture. 
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(5) The as-built design (existing quality) of the components 
and systems shall be evaluated by comparison with the design 
requirements (required quality). 

(6) Although no cracks need be assumed when satisfying the 
general principles of section 3, a fracture-mechanics analysis 
acc. to Annex A shall basically be performed. Criteria which 
when satisfied do not require fracture-mechanics verifications 
are given in Annex A. 

(7) Manufacturing defects are permitted without further verifi-
cation if they are below the acceptance levels to KTA 3201.3 
upon performance of the pertinent non-destructive examina-
tions. 

Crack-like defects due to manufacturing are not permitted. 

For non-crack-like defects exceeding the acceptance levels to 
KTA 3201.3 which are detected during manufacture and are to 
be left as they are (tolerance), the following applies: 

a) the defect shall be postulated a crack and it shall be demon-
strated by fracture mechanics verifications per Annex A, 
section A 4, that its crack growth potential is limited and that 
sufficient safety margin is available as regards its load bear-
ing capacity, 

b) monitoring within in-service inspections shall be laid down 
to ensure that the defects are not capable of growing during 
plant service lifetime within the required accuracy specific to 
the NDT analysis method used during the in-service inspec-
tion. 

(8) Where break preclusion is to be assumed at a later point 
in time of operation the proof of quality upon design and manu-
facture acc. to (1) to (7) shall be made for these components 
prior to first assumption of break preclusion. 
 

4.3 Proof of existing quality upon previous operation 

(1) The existing quality shall be proved 

a) for the first time upon completion of commissioning or first 
assumption of break preclusion during service lifetime, or 

b) in case of changed boundary conditions or state of 
knowledge for safeguarding component integrity during op-
eration (see KTA 3201.4, Figure 3-1) with respect to the 
properties relevant to break preclusion verification. 

(2) The proof shall at least include: 

a) the description and evaluation of the changes occurred 
compared to the manufacturing condition, i.e. changes in 

aa) the as-built design e.g. due to repair measures, replace-
ment measures or changes of supports and supporting 
structures, 

ab) material properties, 

ac) the relevant loadings of specified normal operation and 
the loadings from postulated accidents, e.g. due to 
changes in specified loadings based on the results of 
operational monitoring or due to new knowledge gained 
regarding specified accidents, 

ad) the status of relevant indications, e.g. based on the re-
sults from in-service inspections, 

ae) the damage mechanisms possible during operation and 
their causes, e.g. due to new knowledge gained, 

af) the water chemistry, e.g. due to results obtained from 
operational monitoring, 

ag) leakage monitoring, 

b) an evaluation of the operating experience made with own 
plants or comparable plants of other utilities as well as on 
account of the current state of knowledge. 

(3) It shall be demonstrated that  

a) the causes of damage mechanisms possible during opera-
tion can be kept under control and 

b) under the concrete operating conditions (temperature, load-
ing, water chemistry) no inadmissible consequences of pos-
sible operational damage mechanisms need be expected. 

(4) When evaluating the material properties, the following 
shall be considered: 

a) material data representative for the area to be evaluated (in-
cluding data from acceptance tests), 

b) type and extent of tests and inspections and inspection cer-
tificates, 

c) results from research projects,  

d) results from examinations on disassembled parts as well as 

e) operating experience as regards damage mechanisms for 
the areas of base material, weld metal and heat affected 
zone. 

(5) For the evaluation of the loadings of specified normal op-
eration as per (2) ac) the loadings shall be determined based 
on 

a) process data and  

b) the evaluation of operational monitoring (e.g. temperature 
transients and thermal stratification, displacements, vibra-
tions).  

In the case of specified loadings it shall be checked by evaluat-
ing the respective operational monitoring data whether these 
specified loadings really cover the actually occurring loadings. 

(6) The evaluation of the status of relevant indications shall 
be based on 

a) manufacturing inspections,  

b) in-service inspections (WKP),  

c) special inspections (e.g. on the cause of information no-
tices),  

d) results obtained from research projects transferrable to the 
plant (e.g. as regards inspection procedures, detectability) 
and 

e) results, if any, from destructive tests on disassembled parts. 

(7) Where the evaluations as per (2) to (6) lead to changes in 
boundary conditions with an expected safety-relevant effect on 
the results of the verification of existing quality to section 4.2, 
the unchanged validity of the analyses performed shall be con-
firmed. 
 

4.4 Safeguarding of the required quality for further operation 

To ensure plant integrity during further operation 

a) the causes and consequences of possible operational dam-
age mechanisms shall be monitored and evaluated in ac-
cordance with KTA 3201.4. 

b) the requirements for ageing management of components of 
group M1 to KTA 1403 shall be met. 

 

5 Documentation and reporting system 

(1) The results of the demonstrations to be performed to sec-
tion 4 shall be documented. 

(2) The documentation of quality upon design and manufac-
ture shall at least contain: 

a) the design and manufacturing documents as per 4.2 (1) a) 
to i) including the boundary conditions for the existing de-
sign type (design, supports, supporting structures, material 
properties, welds and welding procedures, repair work per-
formed, deviations from design documents, status of rele-
vant indications) as per 4.2 (4) with evaluation as per 4.2 
(5), 
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b) the documentation of the safeguarding of the existing de-
sign with respect to relevant loadings, stress analysis, fa-
tigue analysis, fracture mechanics analysis as per Annex 
A, cf. 4.2 (6) and (7), 

c) the description of possible operational damage mecha-
nisms as per 3 (6) and 4.2 (1) k), 

d) measures for controlling possible operational damage 
mechanisms and thus safeguarding the quality during oper-
ation in accordance with the integrity concept including 
measures for verification of the boundary conditions estab-
lished as per 4.2 (3), 

e) the operational monitoring concept as regards monitoring 
measures of the causes and consequences of possible op-
erational damage mechanisms (determination of opera-
tional monitoring measures) as per 4.2 (1) j). 

(3) The documentation of the existing quality upon previous 
operation shall at least contain: 
a) the description and evaluation of the as-built design com-

pared to the manufacturing condition in accordance with 4.3 
(2) on the basis of the actual state of knowledge (results 
obtained from monitoring of the causes and consequences 
of possible operational damage mechanisms with due con-
sideration of the status of relevant indications and operating 
experience),  

b) the description and evaluation of the changes in possible 
operational damage mechanisms and their causes com-
pared to the manufacturing condition. 

(4) The documentation of tests and inspections and opera-
tional monitoring measures within the reporting period for safe-
guarding the required quality for further operation shall at least 
contain: 

a) a summary of the results obtained from the monitoring of 
the causes of possible damage mechanisms (results ob-
tained from the monitoring of mechanical and thermal load-
ings, monitoring of water quality), 

b) an evaluation of the results obtained from the monitoring of 
causes in due consideration of applied optimization 
measures such as mode of plant operation, 

c) a summary of the results obtained from the monitoring of 
the consequences of possible operational damage mecha-
nisms (e.g. from non-destructive testing, monitoring of loose 
parts, leakage monitoring), 

d) the evaluation of the results obtained from the monitoring of 
the consequences of possible damage mechanisms (here 
especially the confirmation of the previous status of relevant 
indications), 

e) the documentation of the observation of state of knowledge 
(e.g. evaluation and assessment of planned and unplanned 
occurrences and events in the own plant and in other plants, 
change of safety standards requirements). 

(5) The effectiveness of the measures taken shall be docu-
mented. 

Note: 
This may also be documented within a status report to be estab-
lished according to KTA 1403. 
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Annex A (normative) 

Performance of fracture mechanics analysis 

 
A 1 General requirements 

(1) A fracture mechanics analysis shall basically be per-
formed  

a) for piping to section A 2 and  

b) for pressure vessels as well as valve bodies and pump cas-
ings to section A 3 

where cracks (see Figures A-1 and A-2) are to be postulated 
at locations resulting in the smallest critical crack size. The pos-
tulated defects shall be assumed to occur on the surface and in 
the direction subject to the greatest crack loading. 

(2) A fracture mechanics analysis to section A 2 is not re-
quired for piping satisfying one of the following criteria: 

a) at loading level A the operating pressure is equal to or less 
than 2.0 MPa and the operating temperature is equal to or 
less than 100 °C (low-energy systems), or 

b) the utilization time is equal to or less than 2% of the plant 
service lifetime, or 

c) the nominal stress during specified normal operation is 
equal to or less than 50 N/mm2 and the usage factor is equal 
to or less than the attention values laid down in KTA 3201.4. 

(3) A fracture mechanics analysis to section A 3 is not re-
quired for pressure vessels satisfying the following criteria a) to 
c): 

a) The proof of quality upon design and manufacture to section 
4.2 has been rendered. 

b) It has been proved that brittle failure need not be assumed. 
To this end, the required component toughness shall be 
proved by experimental investigations that represent the 
loading and material conditions as well as the manufactur-
ing process of the component. These investigations shall 
cover all relevant operating conditions and defect conditions 
to be assessed. 

Note: 
For pressure vessels fabricated to meet basis safety requirements 
investigation programs were performed with which the fulfilment 
of criteria b) was proved, e.g. research project 1500 304 B, compo-
nent safety (Phase II), summarized evaluation of the project, final 
report. Staatliche Materialprüfungsanstalt (MPA) University of 
Stuttgart, May 1991. 

c) The usage factor determined for the end of operational life-
time is equal to or less than the attention values laid down 
in KTA 3201.4. 

(4) A fracture mechanics analysis to section A 3 is not even 
required for pressure vessels satisfying one of the following cri-
teria: 

a) at loading level A for pressure vessels filled with water the 
operating pressure is equal to or less than 2.0 MPa and the 
operating temperature is equal to or less than 100 °C (low-
energy systems), or 

b) the utilization time is equal to or less than 2% of the plant 
service lifetime, or 

c) the nominal stress during specified normal operation is 
equal to or less than 50 N/mm2 and the usage factor is equal 
to or less than the attention values laid down in KTA 3201.4. 

 

 

 

 
 

  

Figure A-1: Crack configurations and symbols for piping 
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Figure A-2: Crack configurations and symbols for pressure vessels 
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(5) A fracture mechanics analysis is not required for pump 
casings if one of the criteria a) or b) is satisfied: 

a) one of the criteria under (2) is satisfied by the connected 
piping, 

b) it can be proved by means of an evaluation of the valve body 
or pump casing design that the crack growth potential of the 
connected piping is covering the crack growth potential of 
the valve body or pump casing.  

(6) The evaluation as per (5) b) shall consider the following 
factors of influence: 

a) loads occurring and the resulting stresses, 

b) environmental conditions, 

c) material and possible damage mechanisms, 

d) defect sizes to be postulated. 

(7) Where manufacturing defects above the acceptance level 
to KTA 3201.3 are present which were detected during manu-
facture or within in-service inspections and were clearly identi-
fied to be manufacturing defects and were left as they are (tol-
erance), they shall be evaluated by means of a fracture me-
chanics analysis to section A 4. 

Note: 
Operational defects arising from an active damage mechanism dur-
ing operation or have developed from manufacturing defects, are 
covered by para. 3 (9) and shall not be subject to a fracture me-
chanics analysis. 

(8) Crack-growth calculations shall be made by applying an 
appropriate equation to describe fatigue crack growth, e.g. the 
Paris-Erdogan equation. 

Annex B, section B 2.5 describes the procedure to be applied 
for the purpose of this safety standard. 

(9) The fracture mechanics analysis of the load bearing ca-
pacity of cracked piping may be made using the following pro-
cedures: 

a) Analytical procedures to calculate the limit load (limit load 
analysis) 

 These analysis procedures make statements possible on 
the limit load capacity of cracked parts in which case the 
limits of application (due to geometry and material) and the 
resulting restrictions are to be considered. When using 
these procedures an effective evaluation is only possible if 
their applicability has been confirmed by experimental in-
vestigations. Here, distinction is principally made between 

aa) flow stress concepts (local plastic yielding) 

ab) plastic limit load concepts (global plastic yielding) 

 Annex B, section B 2.1 contains a description of the proce-
dures to be applied for the purpose of this safety standard. 

b) J‐Integral/Tearing modulus procedure and Two-criteria 
method 

 J‐Integral/Tearing modulus procedure and the two-criteria 
method make an evaluation possible as regards crack initi-
ation and instability. Statements on the behaviour after on-
set of crack initiation are only possible if the J-R curves de-
termined by means of laboratory samples can be consid-
ered to be representative of the component considered. 

 The fracture mechanics parameters may be determined 
both by analytical solutions and numerical methods (e.g. by 
the finite element method). 

 The description of the methods to be applied for the purpose 
of this safety standard is contained in Annex B, section B 
2.2 (J‐Integral/Tearing modulus procedure) and section B 
2.3 (two-criteria method). 

c) Damage mechanisms (local approach) 

 Local damage mechanism approaches make possible an 
evaluation of the total failure behaviour including global in-
stability. The damage mechanic model parameters shall be 
determined in dependence of the material. 

 Annex B, section B 2.4 contains the description of the ap-
proach to be applied for the purpose of this safety standard. 

(10) Fracture mechanics analysis for evaluating the integrity of 
cracked vessels may be performed by means of the ap-
proaches mentioned under (9) b) and c). 

(11) As regards the determination of 

a) leakage areas (crack opening areas) 

b) leak flow rates 

analytical and numerical methods may be applied (for the de-
termination of the leakage areas e.g. Dugdale method, Irwin 
method, FEM; for the determination of the leak flow rates e.g. 
the flow rate models by Pana or by Moody) 

Depending on the various problems a comparison with the leak 
area or leak rate detectable by leakage monitoring and the de-
termination of the resulting jet forces is possible. 

Depending on the objective of verification - minimum leak rate 
for determining the leak detection requirements or maximum 
leak rate for determining jet and reaction forces - conservative 
approaches shall be selected to define the leak rate. 

The description of the methods to be applied for the purpose of 
this safety standard is contained in Annex B, section B 3.1 (cal-
culation of leak opening area) and section B 3.2 (calculation of 
leak flow rate). 

 

A 2 Evaluation of postulated cracks in piping 

(1) For the postulated initial crack the following verifications 
shall be made by fracture mechanics evaluation for all relevant 
loadings as follows: 

a) The crack growth potential is limited. Here, it shall be shown 
that the surface crack to be safeguarded (crack size to be 
used plus the calculated sub-critical fatigue crack growth 
during the operating time to be safeguarded) does not attain 
the value laid down in (2) f). 

b) The crack length to be safeguarded (crack length to be used 
plus the calculated fatigue crack growth during the operat-
ing time to be safeguarded) is less than the length of a 
through-thickness crack permitted during operation and ac-
cidents. 

c) The leakage crack length which is safely detected by the 
method used is less than the allowable length of a through-
thickness crack, so that leak-before-break is given, or it is 
ensured that the criteria of (2) hb) are satisfied. 

(2) To this end, the following calculation steps shall be taken, 
see Figure A-3: 
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Figure A-3: Fracture mechanics analysis of postulated cracks in piping 
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a) Step 1: Determination of initial crack 

The fracture-mechanics analyses shall either be made on the 
basis of any covering crack geometry or on the basis of compo-
nent or system-related crack geometries. 

aa) Covering crack geometries 

 Independently of the material a semi-elliptical crack with the 
following crack depth shall be assumed as initial crack: 

  aa = 0.3 ⋅ s  for s < 25 mm (A 2-1) 

  aa = 0.2 ⋅ s  for s ≥ 50 mm (A 2-2) 

 In case of ferritic steels the following crack depth may be 
taken: 

  aa = 0.2 ⋅ s  for s < 25 mm (A 2-3) 

  aa = 0.1 ⋅ s  for s ≥ 50 mm (A 2-4) 

 The crack depth may be interpolated for each value ranging 
between 25 mm < s < 50 mm. 

 The crack length shall be taken as follows: 

  2ca ≥ 6 · aa (A 2-5) 

ab) Component or system-related crack geometries 

 The size of the initial crack to be assumed with a depth aa 
and a length 2ca shall be determined such that it corre-
sponds at least to the acceptance limit of the non-destruc-
tive test methods used as per KTA 3201.4. 

b) Step 2: Calculation of crack growth ∆a and ∆2c 

 The calculation shall be made on the basis of the initial 
crack (aa and 2ca) with the specified loadings of specified 
normal operation in due consideration of the loadings deter-
mined by operational measurements and the pertinent load 
cycles. The crack growth shall be calculated as fatigue 
crack growth by using a fatigue growth law for the appropri-
ate environment. The calculation shall be made for a period 
of time covering the total operational lifetime. 

 The final crack size at the end of the period considered shall 
be as follows: 

  Final crack depth ae = aa + ∆a (A 2-6) 

 Final crack length 2ce = 2ca + ∆2c (A 2-7) 

 The calculation shall be made to section A 1 (8). 

 For the calculation of the fatigue crack growth under LWR 
environment conditions the crack growth curves of ASME 
BPVC Section XI for ferritic steels and to NUREG/CR-6176 
for austenitic steels may be used. 

c) Step 3: Determination of the smallest critical length of a 
through-thickness crack 2ckrit from all load cases to be con-
sidered (operational load cases and specified accidents) 

 The calculation of the critical crack length shall be made to 
section A 1 (9). 

d) Step 4: Determination of the critical depth akrit of a surface 
crack with a length 2ce 

 The critical depth akrit shall be the smallest critical depth of 
a surface crack with a length 2ce to be determined from all 
load cases to be considered (operational load cases and 
specified accidents). 

 The calculation of the critical crack depth shall be made us-
ing the methods of section A 1 (9). 

e) Step 5: Calculation of the detectable length 2cLÜS of a 
through-thickness crack 

 The following steps shall be taken: 

ea) Determination of the leak mass flow m& LÜS,det safely de-
tectable by leakage monitoring 

Note: 

The safely detectable leak mass flow is subject to the sen-
sitivity of leakage monitoring. 

eb) Determination of the intervention mass flow m& LÜS,BHB 
which when being exceeded shall cause intervention 
measures to be taken (e.g. leak detection measures, 
plant shutdown) as laid down in the operating manual. 

 The intervention mass flow shall be laid down in due 
consideration of operational aspects such that its de-
tectability is ensured 

  m& LÜS,BHB ≥ m& LÜS,det  

ec) Calculation of leak mass flow m& Leck in dependence of 
the crack length 

 The calculation of the leak mass flow shall be made by 
using the calculation methods described under section 
A 1 (11) for the crack opening area ALeck and the flow 
resistance in connection with the prescriptions as per 
Annex B, sections B 3.1 and B 3.2 for the loadings of 
steady-state load operation. 

ed) Determination of the length 2cLÜS,BHB of a through-
thickness crack to be safeguarded 

 The crack length 2cLÜS to be safeguarded is that length 
at which the leak mass flow m& Leck is equal to the inter-
vention mass flow m& LÜS,BHB. 

f) Step 6: Verification of limited operational crack growth 

It shall be verified that the final crack size (ae, 2ce) deter-
mined under step 2 meets the following requirements: 

 ae ≤ azul  (A 2-8) 

and  

 2ce ≤ 2czul (A 2-9) 

 The allowable depth azul of a surface crack with a length 2ce 
shall be determined for the plant service lifetime as follows: 

 azul = min {0.75 ⋅ s; akrit (2ce)} (A 2-10) 

 with akrit taken from step 4. 

Note: 
The operational crack growth shall be limited such that no 
through-thickness crack occurs during the plant service lifetime. 
In crack growth calculations, e.g. in IIW document IIW-1823-07 
ex XIII-2151r4-07/XV-1254r4-07 and in ASME BPVC Section XI 
a through-thickness crack is assumed to occur at a crack depth 
0.75 ⋅ s as well as where akrit is reached. 

 The allowable crack length 2czul is the length of a through-
thickness crack 2c at which due to crack growth over the 
period ∆tWKP the value 2ckrit is even reached (see Figure 
A-4). 

 

 

Figure A-4: Determination of the allowable crack length 
2czul (schematic) 
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the assumed specified loadings of specified normal opera-
tion in due consideration of the loadings and pertinent load 
cycles determined by operational measurements, in which 
case 2c < 2ckrit and 2c ≤ 2czul shall be selected. 

 Here, the following equation applies: 
 2czul = 2ckrit - ∆2cWKP (∆tWKP) (A 2-11) 

 The crack growth shall be calculated as fatigue crack 
growth by using a fatigue growth law for the appropriate 
environment. To this end, the crack growth curves of 
ASME BPVC Section XI for ferritic steels and to  
NUREG/CR-6176 for austenitic steels may be used. 

 The period for safe leak detection shall be taken as the in-
service non-destructive testing interval ∆tWKP laid down for 
the respective component by KTA 3201.4 or KTA 3211.4. 

g) Step 7: Verification of leak-before-break 

The verification of leak-before-break shall show that the fol-
lowing requirement is met: 

 2cLÜS < 2czul (A 2-12) 

 with 2czul taken from step 6 and 2cLÜS taken from step 4. 

h) The fracture mechanics verification is made if 

ha) the requirements of steps 6 and 7 have been met, 

hb) the leak flow rate from a through-thickness crack cannot 
be determined with the required accuracy (e.g. in case 
of low operational stress level and thus resulting low 
leak rate), but the requirements of step 6 have been 
met, and appropriate measures of the integrity concept 
(especially operational monitoring measures for contin-
uous recording of all relevant loadings and their timely 
evaluation as well as intervals of in-service inspections 
adapted thereto) are taken over the total operational 
lifetime to ensure that the sub-critical fatigue crack 
growth of the initial crack to be safeguarded (see step 
1) meets the requirement shown hereafter within the in-
service non-destructive testing interval laid down for the 
respective component by KTA 3201.4 or KTA 3211.4: 

  ∆aWKP ≤ 0.125 x (azul – aa) (A 2-13) 

Note: 
The factor 0.125 results from the ratio of a usual inspection 
interval of 5 years to a total service lifetime of 40 years. 

 

A 3 Evaluation of postulated cracks in pressure vessels 
as well as in valve bodies and pump casings 

A 3.1 Pressure vessels 

(1) The fracture mechanics evaluation shall show for the pos-
tulated initial crack that its crack growth potential is limited. For 
the surface cack to be safeguarded (crack dimensions to be as-
sumed plus the calculated sub-critical fatigue crack growth dur-
ing the operating time to be safeguarded) it shall be shown that 
under operational loadings no crack initiation takes place and 
under accident loadings only a limited stable crack extension 
can occur. 

(2) To this end, the following calculation steps shall be taken, 
see Figure A-5: 

a) Step 1: Determination of relevant pressure vessel areas 

 By means of the following criteria those pressure vessel ar-
eas with the most unfavourable properties regarding load-
ing, material and defect conditions shall be determined such 
that by means of the fracture mechanics analysis of these 
areas the vessel is safeguarded in total: 

aa) stress utilization for operational loading each (levels A 
and B) and for accident loading (levels C and D), 

ab) usage factor over the total service lifetime, 

ac) material toughness (e.g. by means of the impact energy 
in notched-bar impact testing) of base materials, weld 
filler metals and heat-affected zones, 

ad) crack size as per acceptance limit of the non-destruc-
tive test methods and techniques used. 

 For each of the vessel areas thus determined the following 
steps shall be performed: 

b) Step 2: Determination of the initial crack  

 The size of the initial crack to be assumed with a depth aa 
and a length 2ca shall be determined such that it corre-
sponds at least to the acceptance limit of the non-destruc-
tive test methods used as per KTA 3201.4. 

c) Step 3: Calculation of crack growth ∆a and ∆2c 

 The calculation shall be made on the basis of the initial 
crack (aa and 2ca) with the specified loadings of specified 
normal operation in due consideration of the loadings deter-
mined by operational measurements and the pertinent load 
cycles. The crack growth shall be calculated as fatigue 
crack growth by using a fatigue growth law for the appropri-
ate environment. The calculation shall be made for a period 
of time covering the total operational lifetime. 

 The final crack size at the end of the period considered shall 
be as follows: 

  Final crack depth ae = aa + ∆a (A 3-1) 

 Final crack length 2ce = 2ca + ∆2c (A 3-2) 

 The calculation shall be made to section A 1 (8). 

 For the calculation of the fatigue crack growth under LWR 
environment conditions the crack growth curves of ASME 
BPVC Section XI for ferritic steels and to NUREG/CR-6176 
for austenitic steels may be used. 

d) Step 4: Determination of the smallest crack initiation size 
from the load cases of level A and B loadings 

 The calculation shall be made by using the procedures as 
per section A 1 (10). 

e) Step 5: Determination of the ductile crack extension to be 
expected for the load cases of level C and D loadings 

 The calculation shall be made by using the procedures as 
per section A 1 (10). 

 Here, the influence of the multi-axial stress condition on the 
crack resistance of the material shall be considered. 

f) Step 6: Fracture mechanics evaluation 

 The fracture mechanics verification is made if  

fa) for loading levels A and B the final crack size is less 
than the initiation crack size and 

fb) it was shown for loading levels C and D that only stable 
crack extension can occur. 

 Where the crack extension to be expected exceeds the 
J-R curve safeguarded by tests, the stable crack exten-
sion criteria is not satisfied. Instead of a J-R curve safe-
guarded by tests a conservative assessment of J-R 
curves may be used on the basis of the upper shelf im-
pact energy obtained from a notched-bar impact test, 
e.g. according to US NRC Reg. Guide 1.161, where, in 
this case, the crack extension shall be limited to the ap-
plication limits of ASTM-E 1820-11. 

 

A 3.2 Valve bodies and pump casings 

Where the evaluation of postulated cracks in valve bodies and 
pump casings is required (see section A 1 (5)), the procedure 
for pressure vessels described in A 3.1 shall apply analogously. 
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Figure A-5: Fracture mechanics analysis of postulated cracks in pressure vessels 

 

Selection of relevant vessel areas

Step 1

Initial crack size
(2ca , aa)

Crack size at initiation (2c, a)i
Loading levels 

A and B

Loading levels 
C and D

Yes

No

(2ce, ae) < (2c, a)i 

No

Yes

Limited stable
crack extension

Step 2

Step 3

Step 4

Stable crack extension ∆(2c, a)stabil

Step 5

Step 6

Verification
made

Loadings
Design

Manufacture
Material Plant monitoring

In-service 
inspections

Non-destructive 
testing

Selection of material
Material testing 

Geometry
(global/local)

Manufacturing process
Operation  Accidents

Leakage 
monitoring

Calculation of crack growth
∆t = operating time 

(commissioning to end-of-life)
ae = aa + ∆a

2ce = 2ca + 2∆c



KTA 3206   Page 17 
 

A 4 Evaluation of manufacturing defects 

(1) A fracture mechanics evaluation shall be made to prove 
that  

a) the crack growth potential is limited,  

b) sufficient safety margins are available as regards load bear-
ing capacity. 

(2) To this end, the following calculation steps shall be made 
at first for both piping and pressure vessels, see Figures A-6 
and A-7: 

a) Step 1: The manufacturing defect shall be described as 
crack using an envelope of crack length and depth. 

Note: 
A description of an envelope of crack length and depth of manu-
facturing defects for use in fracture mechanics evaluation is e.g. 
contained in the “ASME Boiler and Pressure Vessel Code, Sec-
tion XI, 2010, Article IWA-3300 Flaw Characterization”.  

b) Step 2: Calculation of crack growth ∆a and ∆2c 

 The crack growth shall be calculated to section A 2 (2) b) for 
the period concerning the interval for periodic non-destructive 
testing determined for the respective component. 

(3) For piping the following calculation steps shall be taken 
upon performance of steps 1 and 2: 

a) Step 3: Verification of limited operational crack growth 

 The crack growth calculated in step 2 of the initial crack to 
be safeguarded (see step 1) shall satisfy the condition of 
equation A 2-13. 

b) Step 4: Verification of load bearing capacity 

 A fracture-mechanics evaluation shall be made to verify the 
load bearing capacity of the defect-containing component 
by using the safety factors for the respective loadings laid 
down for loading levels A, B, C and D in Table A-1. 

 The verification of load bearing capacity shall be made ac-
cording to A 1 (9). 

c) The fracture mechanics verification is made if the require-
ments in a) and b) have been met. 

(4) For pressure vessels the following calculation steps shall 
be taken upon performance of steps 1 and 2: 

a) Step 3: determination of the smallest crack initiation size for 
the load cases of loading levels A, B, C and D 

 The calculation shall be made using the procedures laid 
down in A 1 (10). 

b) Step 4: Verification as regards crack initiation 

 The fracture mechanics verification is made if it can be 
proved for all load cases of loading levels A, B, C and D that 
at the final crack size calculated in step 2 no crack initiation 
will occur. 

 

Loading le-
vel 

Safety factor for  
circumferential flaws 

Safety factor for 
longitudinal 

flaws 

Membrane 
stress 

Bending 
stress 

Membrane 
stress 

A 2.7 2.3 2.7 

B 2.4 2.0 2.4 

C 1.8 1.6 1.8 

D 1.3 1.4 1.3 

Table A-1: Safety factors for primary stresses on compo-
nents containing manufacturing flaws 
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Figure A-6: Fracture mechanics analysis of manufacturing defects in piping 
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Figure A-7: Fracture mechanics analysis of manufacturing defects in pressure vessels 
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Annex B (normative) 

Fracture mechanics analysis procedures 

 
B 1 General requirements 

(1) The application of the procedures described in sections B 
2.1 to B 3.2 shall be based on the following data: 

a) the minimum design strength values laid down by KTA 
3201.1, KTA 3211.1 or specification approved, 

b) the characteristic fracture mechanics values given under 
Annex C or from other sources as far as their suitability has 
been proved for the respective component, 

c) in case of analyses of postulated cracks: nominal dimen-
sions of the respective component (wall thickness, inside 
radius), 

d) in case of evaluation of manufacturing defects: as-built di-
mensions of the respective component. 

Note: 
The procedures described in sections B 2.1 to B 3.2 have been 
validated and lead to conservative results for the materials accord-
ing to KTA 3201.1 and KTA 3211.1. 

(2) It is permitted to use 

a) other solutions than indicated in sections B 2.1 to B 3.2, 

b) the actual data (e.g. dimensions, material property values) 
of the part to be assessed 

if their suitability has been proved in the licensing or supervision 
procedure. 

(3) In the case of clad components the fracture mechanics 
analysis is conservative if 

a) the postulated crack, crack growth calculations and critical 
crack sizes exclusively refer to the base material, 

b) the cladding is considered when determining the leakage 
area and the leak rate. 

 

B 2 Fracture mechanics procedures 

B 2.1 Limit load analysis 

B 2.1.1 Fundamentals 

(1) Limit load analyses are a simple-to-handle tool for deter-
mining critical crack sizes and critical loadings (limit load). The 
available analytical procedures make it possible, with compara-
bly little expenditure, to make statements on the limit load of 
cracked piping in which case the geometry and material-rele-
vant limits of application and the related restrictions are to be 
considered. 

(2) The available procedures for limit load calculation are dis-
tinguished according to the failure criteria used: 

a) flow stress concepts (FSC, local plastic yielding), 

b) plastic limit load concepts (PLL, global plastic yielding). 

(3) The essential input value for these procedures is the flow 
stress σf. The flow stress is an operand derived specifically from 
experimental investigations on piping components for the pur-
pose of limit load calculations [1], [2]. This operand is deter-
mined such that the limit load (maximum loading) determined 
by the experiments is calculated to form a conservative value. 
The flow stress value is determined using he design strength 
values Rp0.2 and Rm where Rp0.2  ≤ σf  ≤ Rm. The flow stress to 
be used depends on the procedure applied (flow stress con-
cept, plastic limit load concept), the material, component dimen-
sions and crack configuration (e.g. axial or circumferential 
cracks). When evaluating cracks in welds between ferritic 
steels, in welds between austenitic steels and in dissimilar 
welds between ferritic and austenitic steels with buttering and 
nickel-alloy weld metal [3], the use of the material properties of 

the base material, in case of dissimilar welds the use of the aus-
tenitic base material instead of the material properties of the 
weld metal or heat-affected zone is conservative, i.e. it will lead 
to the determination of the smallest critical crack size. 
 

B 2.1.2 Longitudinal crack under internal pressure loading 

B 2.1.2.1 Straight pipe 

(1) The calculation method for straight pipes with longitudinal 
cracks is based on semi-empirical approaches, such as de-
scribed in [4], [5], [6], [7], [8], [9], [10]. 

(2) With this method the failure of a pipe with a surface crack 
and a through-thickness crack is calculated exclusively in con-
sideration of primary stresses (Pm) from internal pressure load-
ing. 

(3) The failure of a surface crack with a length 2c and a depth 
a means the rupture of the residual wall thickness so that a 
through-thickness crack with a length 2c occurs (leak). The fail-
ure of a through-thickness crack with a length 2c means insta-
ble crack extension (rupture). 

(4) The nominal circumferential stress at failure is calculated 
from the following relation: 

 σu = σf  · M
-1 (B 2.1-1) 

with σf  as per [2]: 

 σf = (1.7 - 1.2 ⋅ Rp0.2/Rm) ⋅ Rp0.2  (B 2.1-2) 

 M = Mt for through-thickness cracks 
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 M = Mp for surface cracks 
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where 

2c : crack length 

a : crack depth 

rm : mean radius 

s : wall thickness 

Di : inside diameter 

M : correction factor 

σu  : circumferential stress 

The pressure at failure pV for through-thickness cracks in the 
pipe is calculated with 
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B 2.1.2.2 Pipe bends 

The procedures described in cl. B 2.1.2.1 are applicable to pipe 
bends with longitudinal cracks under internal pressure. Here, 
the maximum circumferential stress σu for the crack located on 
the pipe circumference (e.g. intrados, extrados or straight por-
tion of bend) shall be determined to cl. 8.4.8.2 of KTA 3201.2 or 
by means of a finite element analysis and be considered in 
equation B 2.1-1 with M = Mt for through-thickness cracks and 
with M = Mp for surface cracks. 
 

B 2.1.3 Circumferential crack in straight pipe under internal 
pressure and external bending moment 

B 2.1.3.1 General 

(1) To evaluate circumferential defects the following concepts 
may be applied: 

a) Plastic Limit Load (PLL) [11], [12] 

b) Flow Stress Concept (FSC) [2], [13] - [16].  

(2) The models on which the methods are based assume duc-
tile material behaviour. Both methods use the material property 
values obtained from tensile tests to determine the flow stress 
σf. Fracture mechanics values will not be used. The calculated 
values for the critical flaw size or limit load are directly influ-
enced by the amount of flow stress. 

(3) The flow stress to be used is given in Table B 2.1-1. 
 

Material and  
dimensions 

Flow stress σf 

PLL FSC/MPA FSC/KWU 

A
u
st

e
n
iti

c 
m

a
te

ri
a
ls

 

DN 300  
up to 

DN 400 
Rp0,2 

or 

(Rp0.2+Rm)/2.4 1) 

Rm 

(Rp0.2+Rm)/2 

or 
0.6⋅(Rp0.2+Rm) 2) 

DN 80  
up to 

DN 250 
(Rp0.2+Rm)/2 

DN 50  
up to 

DN 65 
Rm 

F
e
rr

iti
c 

m
a
te

ri
a
ls

 DN 200 
up to 

DN 800 
Rp0.2 

Rm
 3)  

or 

(Rp0.2+Rm)/2 

Rm 

DN 60 
up to 

DN 150 

1)  For materials 1.4541 and 1.4550 and dimensions DN 50 up to 
DN 300 

2)  For materials 1.4541 and 1.4550 
3) For cracks in base material 

Table B 2.1-1: Range of application and flow stresses to be 
used for plastic limit load (PLL) and flow 
stress concept (FSC) 

B 2.1.3.2 Plastic Limit Load (PLL concept) 

(1) The PLL concept is based on the minimum value solution 
for plastic limit load of pipes with circumferential flaws. Here, it 
is assumed that at sufficiently high material ductility a fully plas-
tic stress condition is obtained across the pipe cross-section. 
This is based on a linear-elastic - ideal plastic material behav-
iour where a constant flaw geometry is assumed and possible 
crack initiation and crack extension are not considered. No 
statement on the progress of failure is possible. 

Under bending load and superimposed internal pressure the 
failure moment is calculated from considerations of equilibrium 
conditions as follows: 

a) for the case α + β ≤ π: 
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The location of the neutral fibre is thus calculated to obtain 
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b) for the case α + β > π: 
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The location of the neutral fibre is thus calculated to obtain  

 














σ⋅⋅⋅

⋅
−








−⋅









−

π
=β

fm

i
2
i

sr2

pr

s

a
1

s

a
2

 and b ≥ 0 (B 2.1-12) 

This method is based on a constant stress distribution in the 
defective pipe cross-section at the pertinent flow stress σf, see 
Figures B 2.1-1 and B 2.1-2. 

(2) The pipe failure at given internal pressure and bending 
moment loading is calculated to obtain: 
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with 
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where: 

W : pipe resistance moment 

Da : external diameter 

 

 

Figure B 2.1-1: PLL – through-thickness crack in circumfer-
ential direction 

y

+σf

−σf

α

��
x

��

α

Mb
Mb

β
Internal pressure pi



KTA 3206   Page 22 

 
Figure B 2.1-2: PLL - surface crack in circumferential direction 
 

B 2.1.3.3 Flow stress concept (FSC) 

(1) Within the flow stress concept, the calculation of the failure 
due to loadings and the determination of critical flaw sizes is 
derived from the classical beam bending theory to Bernoulli. 
With this method, the inertia moments of the defective pipe 
cross-section are exactly determined in consideration of the dis-
placement of the neutral fibre. Failure is assumed to occur if at 
the location of highest loading the stress assumed to be linearly 
distributed over the defective cross-section has attained a limit 
value (see Figures B 2.1-3 and B 2.1-4). To this end the flow 
stress σf is used. Here, it is not assumed that the total defective 
pipe cross-section is subject to plastic deformation. The flaw 
geometry is assumed to be constant. Crack initiation and crack 
extension possibly occurring are not considered. No statement 
can be made as to the course of failure. 

 
Figure B 2.1-3: FSC/MPA – through-thickness crack in cir-

cumferential direction 

 
Figure B 2.1-4: FSC/MPA – Surface crack in circumferential 

direction 

(2) Where the range of application is observed, the MPA 
method (FSC/MPA) [1] or alternatively the Siemens-KWU 
method (now AREVA) (FSC/KWU) [2] may be used. 

a)  Calculation to MPA (FSC/MPA) 

In due consideration of the exact inertia moments and displace-
ment of centroids the failure moment for a through-thickness 
crack is calculated as follows: 
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and for a circumferential crack at the internal surface as follows: 
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The calculation factors are shown in Table B 2.1-2. 
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Table B 2.1-2: Definition of the calculation factors used in the 
flow stress concept according to MPA 

b) Calculation to Siemens-KWU (now AREVA) (FSC/KWU) 

Failure is assumed to occur if the locally acting effective stress 
attains the flow stress: 

 σeff = σf (B 2.1-19) 

The loading leading to failure σeff for point A of a surface defect 
and B of a through-thickness crack (Figure B 2.1-5) is calcu-
lated from 

 σeff(A) = ka(A) ⋅ σax,p + kb(A) ⋅ σax,M  (B 2.1-20) 

 σeff(B) = ka(B) ⋅ σax,p + kb(B) ⋅ σax,M    (B 2.1-21) 
with the stresses from internal pressure and moment as per 
equations B 2.1-14 and B 2.1-15. 

and with the stress intensification factors 
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as well as ϕ = 0 for point A and ϕ = α for point B 

 

Figure B 2.1-5: FSC/KWU - Notations 

B 2.1.4 Limits of application 

(1) The methods presume large plastic deformations at the 
crack tip. They shall only be applied at upper-shelf energy level 
in notched-bar impact testing and only to materials which meet 
the requirements for upper-shelf energy level in impact testing 
to KTA 3201.1 and KTA 3211.1. 

(2) The flow stresses σf to be used were derived from a large 
number of experimental investigations in dependence of pipe 
and defect geometry as well material toughness. The range of 
application is shown in Table B 2.1-1. 
 

B 2.2 J‐T procedure 

B 2.2.1 Fundamentals 

(1) The J-T procedure is based on the J-integral, in short J, 
and the Tearing Modulus, in short T. 

The crack-driving force in the linear-elastic and elastic-plastic 
material range is measured and calculated by the parameter J. 
J is defined as the work performed under the stress applied in 
proximity of a crack in an elastic or elastic-plastic stress and 
strain field. J depends on the geometry of the component, the 
stress applied, the crack size and the elastic-plastic stress-
strain curve of the material. 

In its simplest form, the material resistance is measured by the 
elastic-plastic fracture toughness JIc. Due to the ductile property 
of the material in its elastic-plastic range considerable stable 
crack growth may occur. 

Normally the material resistance is, however, determined by 
means of the J-R curve. This property shown by the J-R mate-
rial curve represents the material resistance against stable 
crack growth (Tearing). 

(2) The original definition of the J-integral is the path-inde-
pendent line integral according to Rice [17] which is defined for 
the elastic and elastic-plastic material range as follows: 

 J = ds)
x

u
TWdy(

∂
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⋅−∫
Γ

r
r

  (B 2.2-1) 

For elastic material behaviour J means the strain energy re-
lease rate and is correlated to the stress intensity factor K. Thus 
it is possible to compare J with exact methods: 

 J = -  
A

U

∂

∂
 (B 2.2-2) 

In the elastic case the following applies: 

 J = G = 
E

K2

 (B 2.2-3) 

Strictly speaking the J-integral has not been defined for three-
dimensional cases. According to Parks [18] it is possible, at 
least for the elastic case, to determine the J-integral alongside 
the crack front via the change in potential energy. In Finite Ele-
ment Codes this is also implemented for elastic-plastic cases 
by means of the calculation of the change in potential energy 
as a consequence of the small displacements of knot points 
along the crack front. 

(3) If all parameters of the solution equation have been spec-
ified, the J-integral can be determined as a function of the stress 
applied and in dependence of the crack size a. In general, the 
curves look like those shown in Figure B 2.2-1. It is recogniza-
ble that the sizes have been correlated non-linearly. 

 

Figure B 2.2-1 Correlation of J and the applied stress [19] 

(4) For better clarity the correlation of J and the crack size a 
at an applied loading s can be converted into a J versus Tearing 
Modulus ratio, where the Tearing Modulus T is defined as fol-
lows: 

 T = 
2
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E
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⋅  (B 2.2-4) 

where: 

E   :  modulus of elasticity 

σ0  :  yield point. 

From this correlation the so-called crack-resistance curve (J-R 
curve) is obtained to describe the material resistance against 
stable crack growth. The comparison of an applied J-integral 
with the J-R curve enables the determination of the crack size 
or stress at which unstable crack propagation occurs, see Fig-
ure B 2.2-2. 

The intersection of the curve defining the applied load with the 
J-R curve of the material results in the point of instability. The 
stable ductile crack growth ∆a is determined from the crack ini-
tial length and its growth to attain instability. 
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Figure B 2.2-2: Determination of crack instability in the 
J - ∆a - loading diagram  

(5) The behaviour of the J-R curve upon Ji (physical crack in-
itiation value) is shown schematically in Figure B 2.2-3. Where 
for a given material with a crack the loading is increased, the J 
applied will increase and the crack tip will be rounded (blunting). 
At a certain value of J (depending on the material) the crack 
starts to propagate in a stable and ductile manner. This point in 
time is commonly called Ji and may conservatively be used as 
measure for ductile fracture toughness. Where the load and 
thus the J applied further increases, the crack will also grow in 
a stable manner. This correlation is called the J-R curve. 
 

 

Figure B 2.2-3: Typical crack growth behaviour of ductile ma-
terials [19] 

(6) Similarly to the J over crack length “a” curve the J-R curve 
describing the correlation of J and stable crack growth may be 
entered in a J-T diagram. To determine the point of instability in 
Figure B 2.2-3 the J-T curve for the applied load is compared 
to the J-T curve for the material as shown in Figure B 2.2-4. 
The point of intersection is the point where instability com-
mences, and the respective crack size over the applied J-inte-
gral can be determined from the diagram. 

Depending on the material and the loadings of the structure the 
applied J-integral may exceed the material property value, and 
the crack would become unstable (fast ductile fracture). This 
behaviour is generally called the tearing instability concept. If 
the material resistance is high and the applied J-integral is small 
the crack may continue to grow in a stable manner until the limit 
load of the structure is attained. 

 

Figure B 2.2-4: Tearing Modulus – Concept for stable crack 
growth [19] 

 

B 2.2.2 Formula to be applied 

(1) The following is suited for fracture-mechanics analyses to 
the J-T approach: 

a) numerical solutions using finite element calculations for 
cracked components, 

b) handbook solutions using the Ramberg-Osgood equation 
for describing the stress-strain curve [19] – [27], 

c) handbook solutions based on finite-element calculations for 
cracked components [28]. 

In the following, the formula to be used acc. to b) for handbook 
solutions are shown as example: 

(2) Handbook solutions using the Ramberg-Osgood equation 
are generally written as follows [19]: 

 J = f (G, a, σ, α, n) (B 2.2-5) 

where: 

G :  geometry parameter of the structure (specimen) 

a :  crack size 

σ :  stress 

α, n : parameter for the Ramberg-Osgood equation for describ-
ing the stress-strain curve. 

(3) For fracture mechanics analyses to the J-T approach as 
per (1) b) the following solutions may be applied: 

a) Surface crack in axial direction in a cylinder under internal 
pressure (infinitely long defect to [22]): 

 )P,a(J)P,a(JJ plasticelastic +=  (B 2.2-6) 

Note: 

(1) Jelastic is the elastic contribution, Jplastic represents the fully 
plastic portion. 

(2) A solution for finite length flaws is contained in [23]. 
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 with the limit load: 
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 where 

 aRR ic +=  (B 2.2-12) 

 F : functional values as per Table B 2.2-1 

h1 : function values as per Tables B 2.2-2 to Table B 2.2-4 
 

 F a/s=1/8 a/s=1/4 a/s=1/2 a/s=3/4 

 s/Ri=1/5 1.19 1.38 2.1 3.3 

 s/Ri=1/10 1.20 1.44 2.36 4.23 

 s/Ri=1/20 1.20 1.45 2.51 5.25 

Table B 2.2-1: Function values F 

 

 s/Ri=1/5 n=1 n=2 n=3 n=5 n=7 n=10 

 a/s=1/8 6.32 7.93 9.32 11.5 13.12 14.94 

 a/s=1/4 7.00 8.34 9.03 9.59 9.71 9.45 

 a/s=1/2 9.79 10.37 9.07 5.61 3.52 2.11 

 a/s=3/4 11.00 5.54 2.84 1.24 0.83 0.493 

Table B 2.2-2: Function values h1 for s/Ri=1/5 

 

 s/Ri=1/10 n=1 n=2 n=3 n=5 n=7 n=10 

 a/s=1/8 5.22 6.64 7.59 8.76 9.34 9.55 

 a/s=1/4 6.16 7.49 7.96 8.08 7.78 6.98 

 a/s=1/2 10.5 11.6 10.7 6.47 3.95 2.27 

 a/s=3/4 16.1 8.19 3.87 1.46 1.05 0.787 

Table B 2.2-3: Function values h1 for s/Ri=1/10 

 

 s/Ri=1/20 n=1 n=2 n=3 n=5 n=7 n=10 

 a/s=1/8 4.50 5.79 6.62 7.65 8.07 7.75 

 a/s=1/4 5.57 6.91 7.37 7.47 7.21 6.53 

 a/s=1/2 10.8 12.8 12.8 8.16 4.88 2.62 

 a/s=3/4 23.1 13.1 5.87 1.90 1.23 0.883 

Table B 2.2-4: Function values h1 for s/Ri=1/20 

b) Through-thickness crack in axial direction in a cylinder un-
der internal pressure [24]: 
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 ( )m2.0pfJ RR5.0 +⋅=σ  (B 2.2-16) 

and the dimensionless parameter: 
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Range of application: 

Dugdale model, 
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c) Surface crack in circumferential direction of a cylinder under 
tension and bending [29]: 

 )M,N,a(J)M,N,a(JJ plastic
e

elastic +=  (B 2.2-18) 

where 
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 the dimensionless parameter: 
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 where aRR ic +=  (B 2.2-36) 

Note:  

Je means the adapted elastic portion 

Jp represents the fully plastic portion 

Kl = Kl,tension + Kl,bending   calculated with 

β = 2 for plane stress 
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β = 6 for plane strain 

 F : Function values for rm/s = 10 as per Table B 2.2-5 
 

 F for  
rm/s = 10 a/s 

2 ⋅ γ 

 27.5° 45° 90° 180° 270° 360° 

 

FT 
Tension 

0.50 1.446 1.607 1.749 1.815 1.818 1.82 

 0.55  1.662 1.852 1.908 1.911 1.896 

 0.75 1.472 1.793 2.245 2.468  2.443 

 FB 

Bending 

0.50 1.684 

 0.75 2.159 

Table B 2.2-5: Function values for rm/s = 10 

h1 : Function values for rm/s = 10 as per Table B 2.2-6 
 

 a/s n 2 ⋅ γ 
h1 

 λ = 0 λ = 0.5 λ = ∞ 

 0.50 2 45° 17.8   

 0.50 2 90° 18.2 32.8 25.5 

 0.50 2 180° 13.0   

 0.50 5 45° 28.8   

 0.50 5 90° 33.1 59.4 38.7 

 0.50 5 180° 20.3   

 0.50 10 45° 43.5   

 0.50 10 90° 57.2 104.9 51.9 

 0.50 10 180° 31.2   

 0.75 2 45° 48.2   

 0.75 2 90° 64.9 113.0 85.9 

 0.75 2 180° 45.1   

 0.75 5 45° 72.3   

 0.75 5 90° 110.8 178.1 110.9 

 0.75 5 180° 63.3   

 0.75 10 45° 93.6   

 0.75 10 90° 145.4 249.7 103.3 

 0.75 10 180° 53.5   

Table B 2.2-6: Function values h1 for rm/s = 10 

d) Through-thickness crack in straight pipe under tension and 
bending [29] 

 )M,N,c(J)M,N,c(JJ plastic
e

elastic +=  (B 2.2-37) 

Note: 

Jelastic is the elastic contribution, Jplastic represents the fully plastic 
portion, c represents half the crack length (referred to rm). 

 where 
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With plasticity correction factor 

 ye rcc ⋅φ+=  (B 2.2-44) 

 FT : Function values as per Table B 2.2-7  

 FB : Function values as per Table B 2.2-8 
 

 FT c/b=1/16 c/b=1/8 c/b=1/4 c/b=1/2 

 s/rm=1/5 1.049 1.176 1.607 3.745 

 s/rm=1/10 1.077 1.259 1.802 4.208 

 s/rm=1/20 1.127 1.387 2.059 4.811 

Table B 2.2-7: Function values FT 

 FB c/b=1/16 c/b=1/8 c/b=1/4 c/b=1/2 

 s/rm=1/5 1.046 1.143 1.423 2.555 

 s/rm=1/10 1.070 1.219 1.599 2.896 

 s/rm=1/20 1.118 1.343 1.836 3.337 

Table B 2.2-8: Function values FB 
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With the limit load: 

 















γ−γ−π⋅⋅⋅σ⋅= sin

2

1
arcsin2sr2N m00  (B 2.2-47)  

and the limit moment: 
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and the uninterrupted ligament: 

 2cLig = 2 ⋅ rm ⋅ (π – γ) = 2 ⋅ (b-c) (B 2.2-49) 

the dimensionless parameter: 

 
mrN

M

⋅
=λ  (B 2.2-50) 

h1 : functional values for through-thickness crack under ten-
sion and bending as per Table B 2.2-9 and B 2.2-10 

 
 λ c/b n=2 n=5 n=10 

 
0.5 

1/8 7.222 8.631 9.421 

 1/4 6.506 6.063 6.123 

 
1.0 

1/8 7.925 9.604 10.958 

 1/4 7.363 7.333 8.242 

 
2.0 

1/8 7.970 9.335 9.985 

 1/4 7.438 7.156 7.519 

Table B 2.2-9: Function values h1 for rm/s = 10 

 λ c/b n=2 n=5 
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0.5 

1/8 9.166 11.737 

 1/4 8.706 8.297 

 
1.0 

1/8 10.100 13.116 

 1/4 9.924 10.072 

 
2.0 

1/8 10.136 12.808 

 1/4 10.004 9.896 

Table B 2.2-10: Function values h1 for rm/s = 20 

(4) Notations 

A : cross-sectional area of uncracked cylinder 

ANC : area of uncracked ligament in a cracked cylinder 

ae : corrected effective crack depth (Irwin’s small-scale yiel-
ding correction) 

2ce : corrected effective crack length (Irwin’s small-scale yiel-
ding correction) 

2b : pipe circumference (referred to mean diameter) 

2cLig : uncracked ligament 

E : modulus of elasticity 

F : dimensionless function 

I : inertia moment 

M : bending moment 

M0 : limit load for un-cracked cylinder under bending 

n : strain hardening exponent 

N : tensile force 

N0 : limit load for un-cracked cylinder under pure tension  
'
0N  : limit load for un-cracked cylinder under combined ten-

sion and bending loading 

P : internal pressure 

P0 : limit pressure for the geometry in the ideal-plastic case 
)n( ∞=  

Rc : radial distance from center line to crack tip 

Ri : inside radius 

R0 : outside radius 

rm :  mean radius 

s :  wall thickness 

α : Ramberg-Osgood model parameter 

γ : half circumferential crack angle 

 ε0 : strain at yield point (reference strain) 

λ,λAx: dimensionless parameter 

ν : Poisson’s ratio 

σ0  : yield point (reference stress with E=σ0/ε0) 

φ  : dimensionless function 
 

B 2.2.3 Required input data 

To calculate the J-integral the following input data are required 
in addition to the data of Section B 1: 

a) stress-strain curve, e.g. to Ramberg-Osgood (see Figure B 
2.2-5): 

 n

000
)(

σ
σ

⋅α+
σ
σ

=
ε
ε

 (B 2.2-51) 

where: 

ε : true strain 

σ : true stress 

ε0 : strain at yield point 

σ0 : yield point 

α, n : Ramberg-Osgood material parameter 

 

Figure B 2.2-5:  True stress-strain curve (schematic) 

b) J-T curve 
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
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where: 

T : tearing modulus 

da

dJ
 : slope of the J-R curve 

E : modulus of elasticity 

σ0 : yield point 

c) J-R curve for the respective material written as: 

 J = C (∆a)N (B 2.2-53) 

JIc as characteristic value for the onset of stable crack growth 

Jmax as maximum J value in the J-R curve 

 

B 2.2.4 Limits of application 

(1) The J-integral may be calculated using numerical meth-
ods (finite element method) acc. to B 2.2.2 (1) a) principally 
without restriction for all metallic materials and geometries. 

(2) For methods to B 2.2.2 (1) b) the limits of application of 
the solutions applied, especially with respect to the cylinder or 
crack geometry (s/rm, a/s, a/c) as well as with respect to the 
Ramberg-Osgood coefficients, shall be adhered to. For the for-
mula given in sub-clauses B 2.2.2 (2) to (4) the following limits 
of application are valid: 

a) axial crack in a cylinder under internal pressure: 

aa) Ramberg-Osgood coefficient : 10n1 ≤≤  

ab) relative crack depth: 0 < a/s ≤ 0.75 

ac) radius-to-wall thickness ratio: 20s/r5 m ≤≤  

b) surface crack in circumferential direction of a cylinder under 
tension and bending: 

ba) Ramberg-Osgood coefficient : 10n2 ≤≤  

bb) relative crack depth: 0,5 ≤ a/s ≤ 0.75 

bc) radius-to-wall thickness ratio: rm/s = 10 

c) through-thickness crack in circumferential direction of a cyl-
inder under tension and bending (bending stress and axial 
stress from internal pressure are considered pure bending 
stress): 

ca) Ramberg-Osgood coefficient : 7n1 ≤≤  

cb) crack length: 0 < c/b ≤ 0.5 

σ
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ε
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 b : half the pipe circumference 

cc) radius-to-wall thickness ratio: 20s/r5 m ≤≤  

(3) For J-integral calculations as per B 2.2.2 (1) c) the limits 
of application given in [28] shall be adhered to. 
 

B 2.3 Two-criteria method 

B 2.3.1 Fundamentals 

(1) The two-criteria method is used for assessing the failure 
behaviour of components between the limiting cases of linear-
elastic and fully plastic material condition in a closed concept. 
The consideration of the fracture-mechanics characteristic val-
ues makes assessments possible with regard to crack initiation, 
stable crack propagation and crack instability. The two-criteria 
method was developed by CEGB (Central Electricity Board, 
Great Britain) and transposed into Routine R6 by British Energy 
[30]. The basic principles of the procedure were taken over in a 
series of fracture-mechanics evaluation procedures (e.g. flaw 
evaluation procedures SINTAP [31] and DNV/SAQ [32], into 
British Standard 7910 [33] and the Fitness-for-Service hand-
book API 579 [34] as well as into the FKM Guideline [35]. The 
individual calculation steps, the evaluation subject to different 
analysis levels, the approach for dissimilar welds and the con-
sideration of further effects (e.g. weld residual stresses and 
secondary stresses) have been explained in R6 [30] as well as 
British Standard 7910 [33]. 

(2) The component shall be evaluated by means of a failure 
assessment diagram (FAD) which contains a limit curve 
Kf = f (Lr) defined by the strength characteristics of the material 
as well as the loading parameters Kf and Lr. The limit curve en-
closed the “safe” area where no failure of a cracked component 
is possible (see Figure B 2.3-1). 

 

Figure B 2.3-1: Failure assessment diagram (FAD), principal 
sketch [35] 

(3) Kr is the linear-elastic stress intensity factor K referred to 
the crack toughness Kmat  

 
mat

r
K

K
K =   (B 2.3-1) 

(4) Lr is the degree of plasticity, i.e. the loading F referred to 
the plastic instability load Fe of the cracked component. 

 
e

r
F

F
L =  (B 2.3-2)  

(5) According to the original formulation of the limit curve by 
Ainsworth [36] the loading parameters Kf and Lr can be con-
verted to the elastic-plastic J-integral by means of the function 
f (Lr). In this case, secondary stresses shall be accounted for 
additionally. 

(6) For given geometry and loading conditions of the cracked 
component as well as for relevant material characteristic values 
the coordinates (Lf, Kr) of an evaluation point are calculated as 
limit state when considering crack initiation and be compared to 
the limit curve. Critical conditions at crack initiation are defined 
by point B on the limit curve (Figure B 2.3-2). The location of 
points beneath the limit curve (point A) means safe component 
conditions, and of points outside the limit curve (point C) unsafe 
component conditions. 

 

Figure B 2.3-2: Failure assessment diagram (FAD) for limit 
state crack initiation, principal sketch [35] 

(7) As regards the failure upon stable ductile crack extension 
∆a, the coordinates (Lf, Kr) are determined for a number of eva-
luation points by step-by-step extension of crack size by ∆a (typ-
ically: some tenth of mm only at each step) (Figure B 2.3-3). Crit-
ical conditions are defined by the number of evaluation points 
B – B1. The points A – A1 define safe component conditions and 
C – C1 unsafe component conditions. 

 

Figure B 2.3-3: Failure assessment diagram (FAD) for limit 
state crack instability, principal sketch [35] 

B 2.3.2 Formulae to be applied 

For fracture-mechanics analysis to the two-criteria method the 
following solutions can be applied: 

a) analytical solutions described in handbook [32],  

b) other analytical solutions for calculating the stress intensity 
factors and the plastic instability load as far as they have 
been confirmed for the respective application by compari-
son with numerical method or experimental investigations, 

c) solutions based on numerical methods (e.g. with the finite 
element method). 
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B 2.3.3 Limits of application 

When calculating the stress intensity factors and the plastic in-
stability load the limits of application of the respective solutions 
applied (e.g. to [32]) shall be adhered to, especially with respect 
to the cylinder and crack geometries (s/R, a/s, a/c). 
 

B 2.4 Damage mechanisms (local approach) 

B 2.4.1 Fundamentals 

(1) The local approach is based on the use of micro-mechani-
cal material models. Among the various micro-mechanical 
methods to model the ductile material behaviour the GTN 
model of Needleman and Tvergaard to [38] based on the Gur-
son yield function to [39] is often applied. Other equivalent mod-
els may also be used, e.g. the Rousselier model [40]. The mi-
cro-mechanical model considers the formation and growth of 
voids as it is characteristic of the material behaviour of metallic 
materials. The void growth is here described by a modified yield 
function. In its essentials, the “damage” caused by the voids, 
thus expressed as damage mechanism, will cause a decrease 
of strength in which case the following mechanisms are effec-
tive, Figure B 2.4-1 [40]: 

a) nucleation of voids (pores) 

b) growth (extension) of these voids 

c) coalescence of voids (micro-cracks). 

The damage is expressed by the share of voids in the total vol-
ume. At a void volume of 0 no damage exists and the yield func-
tion corresponds to that of the undamaged volume. If the voids 
fill the total volume, i.e. the void volume is 1, the considered 
volume has no remaining stability at all. 

 

Figure B 2.4-1: a) Representation of the ductile fracture by 
nucleation, growth and coalescence of 
pores 

  b) Processing zone shown by cell elements, 
each cell with an initial volume f0 contains 
one pore. 

(2) Since the stress and strain field ahead of the crack must 
be determined exactly, as a rule numerical procedures, such as 
finite element techniques, are used for the application of the lo-
cal approach, in which case the material models for the porous 
material behaviour have to be provided accordingly. Commer-
cial finite element codes already offer the local approach option 
by implementing a material model for porous material plasticity, 
such as in [40]. 

In the following, the damage models to Gurson, Tvergaard & 
Needleman (GTN model) as well as to Rousselier are de-
scribed. 

B 2.4.2 GTN model (Gurson, Tvergaard & Needleman) 

B 2.4.2.1 Formulae to be applied 

(1) The damage is quantified through plastic yielding by ex-
tending the yield function, e.g. the von Mises theory. In this 
case, the influence of the voids is indicated by the specific void 
volume f , where for f = 0 the extended yield function is reduced 
to the known von Mises function. The formulae hereafter have 
been taken from [41]. Other criteria may also be used. The ex-
tended yield function is obtained as follows: 
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  (B 2.4-1) 
where 

 S = p ⋅ I + σ (B 2.4-2) 

as the deviating portion of the Cauchy stress tensor σ 

and  

 S:S
2

3
q ⋅=  (B 2.4-3) 

the effective von Mises stress; 

 I:
3

1
p σ−=  (B 2.4-4) 

is the hydrostatic pressure and 

 ( )pl
my εσ  

the yield stress of the fully plastic matrix material as a function 
of pl

mε , the plastic equivalent strain in the matrix. The material 
parameters are called q1, q2, q3. 

The Cauchy stress σ is defined to be the force per “unit square 
considered” in which case the unit square consists of the solid 
matrix material and the pores. 

The function f = 0 (r = 1) implies that the material is fully plastic, 
but has no pores; therefore the Gurson yield function is reduced 
to the von Moses yield function. 

f = 1 (r = 0) implies that the material is full of pores and is no 
more capable of resisting stress. In general, this model gener-
ally results in sensible physical values for f < 0.1 (r > 0.9). 

(2) According to Tvergaard & Needleman [41] an effective 
damage f* (f) is defined and inserted into the yield function Φ. 
Referred to the pore volume portion, this function f* (f) is de-
fined as follows: 
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where 
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Up to a critical pore volume portion fc f and f * are identical. 

Complete failure occurs if  fF is attained. 

The parameters fc and fF shall be available as input data which 
then predict material failure if fc <  f < fc. These parameters are 
determined by the mechanisms of micro-fracture and coales-
cence of pores. Where f ≥ fF, total material failure will occur. In 
a finite element calculation failure is realized by removing the 
finite element having no more resistance to stress. 

(3) Plastic yielding is assumed to be normal to the plasticized 
surface: 
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σ∂
Φ∂

⋅λ=ε &&pl (B 2.4-

7)  

The hardening of completely dense material without pores is 
given by 

 ( )pl
myy εσ=σ   (B 2.4-8) 

The development of the plastic equivalent strain in the matrix is 
described by the following equation for plastic work: 

 ( ) plpl
my :f1 εσ=εσ⋅− &&  (B 2.4-9) 

This model is shown in Figure B 2.4-2 [40] in which case the 
plasticized surface is shown in the p-q plane for the various pore 
volume fractions. 

In Figure B 2.4-3 [40] the behavior of porous material under 
tension and bending loading is compared to the behavior of a 
perfectly plastic material. Under pressure the porous material 
will harden, under tension loading the material will soften due 
to pore nucleation and growth. 

 

Figure B 2.4-2: Scheme of plasticized surface in the p-q plane 

 

Figure B 2.4-3: Scheme of uni-axial behavior of porous ma-
terial (perfectly plastic matrix material with an 
initial pore volume faction f0) 

(4) The total change in pore volume fraction is given by: 

 nuclgr fff &&& +=  (B 2.4-10) 

where grf& represents the change due to growth of existing pores 

and nuclf& the change due to newly formed pores. The growth of 

existing pores is based on the mass conservation law and re-

ferred to the pore volume fraction is expressed as follows: 

 ( ) I:f1f pl
gr ε⋅−= &&  (B 2.4-11) 

The pore nucleation is given by a strain-controlled relation: 

 pl
mnucl Af ε⋅= &&  (B 2.4-12) 

where 
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The normal strain distribution for pore nucleation has the mean 
value εN and the standard deviation sN. fN is the volume fraction 
of the existing pores in which case the pores can only be formed 
under tension. 

The pore nucleation function A/fN is assumed to be normally 
distributed for various values of the standard deviation sN, as 
shown in Figure B 2.4-4 [40]. 

Figure B 2.4-5 [40] shows the extent of softening for the uni-
axial tensile test of a porous material for various values of fN.  

 

Figure B 2.4-4: Function of A/fN for pore formation 

 

Figure B 2.4-5: Softening (under uni-axial tension) as a func-
tion of fN 

 

B 2.4.2.2 Required input data 

a) Parameters  q1, q2, and q3 

 The parameters q1, q2 and q3 are directly needed for the 
porous metal plasticity model. For typical metals the follow-
ing values are given in literature: q1 = 1.0 to 1.5; q2 = 1.0 
and q3 = q1

2 = 1.0 to 2. In the original Gurson model q1 = q2 
= q3 = 1.0. For greater accuracy, these values may be in-
serted in dependence of temperature. 

b) r0, for the relative initial density of the porous material, 

c) εN, sN and fN; for a first approach the values taken from the 
literature εN = 0.1 to 0.3, sN = 0.05 to 0.1 and fN = 0.04 can 
be used. 

d) fc and fF 
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B 2.4.3 Rousselier model 

B 2.4.3.1 Formulae to be applied 

(1) Rousselier [39] starts with a generally formulated thermo-
mechanical approach for a material to be described with a con-
tinuum mechanics model. Here, the von Mises yield function is 
extended by a term which, in dependence of the actual damage, 
describes the influence of the hydrostatic stress portion on the 
yield behavior. 

(2) The yield function to Rousselier is obtained as follows: 

 0
)f1(

p
expfD

f1

q
y

k
k =σ−









σ⋅−
−

⋅⋅⋅σ+
−

=Φ  (B 2.4-14) 

where q describes the actual yield stress, p the hydrostatic 
pressure and σy the von Mises stress. The quantities σk and D 
are material constants. In addition, the yield function contains 
the damage variable f which represents the ratio of the volume 
of voids enclosed in the material to the total volume of the ma-
terial, with: 

 f 
total

damaged

V

V
=  (B 2.4-15) 

The damage variable f can assume values between 0 and 1. 
f = 1 would mean that no material volume is present. In the case 
where the material does not contain voids, f = 0 applies, and 
the yield function of Rousselier is reduced to the von Mises yield 
function. The dependence of the yield behaviour on the hydro-
static stress condition within the Rousselier model is demon-
strated by comparing the von Mises yield function with the 
Rousselier function, Figure B 2.4-6. 

 

Figure B 2.4-6 Yield limit surface to von Mises (left) and to 
Rousselier (right) 

(3) The formulae to be applied regarding hardening behaviour 
and yield law can be taken from clause B 2.4.2.1. 

(4) Pore formation (nucleation of voids) takes place when the 
yield strength Re is reached, i.e.: 

 eRq ≥  (B 2.4-16) 

From the plastic distortion rate plε&  the volume growth of the 
voids is obtained to read: 

 pl)f1(f ε⋅−= &&  (B 2.4-17) 

 

B 2.4.3.2 Required input parameters 

a) Parameters σk and D 

 These parameters are material constants obtained from the 
derivation, but have no direct relation to the micro-structure. 
In [39] Rousselier proposes to select values between 1.5 
and 2 for D presuming small initial void volumes. In litera-
ture, D = 2 is often used. σk describes the material re-
sistance to void growth. Acc. to [39] the following can be 
taken 

 ek R)3/2( ⋅=σ  (B 2.4-18) 

b) Initial void volume f0 and critical void volume fc 

 These parameters can be determined either directly from 
the macro-structure or by numerical adaptation to the ex-
perimentally determined load-deformation behaviour. 

 

B 2.4.4 Limits of application 

(1) The models described in B 2.4.2 and B 2.4.3 can be ap-
plied to all geometries and crack types without restriction. The 
damage development exclusively depends on the local stress 
and strain condition. Due to this fact, these models are called 
local damage models. The disadvantage of local damage mod-
els is that due to materials softening the strains and the damage 
theoretically are localized in an infinitely thin area [39]. In this 
case, however, the damage mechanics solution depends on the 
size of the element. In practice, this problem can be circum-
vented by firmly linking the element size to the micro-structure 
of the material to be described. Often authors assume that the 
width of the experimentally observed localization zones directly 
depends on the distance of the primary voids leading to failure 
[39]. This approach will be problematic if due to high stress gra-
dients or small component cross-sections very small elements 
are needed. So-called non-local damage models will provide 
approach solutions in this respect. In the past, various non-local 
approaches were presented to eliminate the dependence on el-
ement size [42], [43], [44], [45]. A non-local formulation of the 
damage model makes a description of the damage zone inde-
pendently of the element size possible. The numerical expendi-
ture, however, will be considerably increased. 

(3) The GTN model requires a calibration of the parameters 
q1, q2 and q3 as well as εN, sN and fN. Alternatively, the values 
given under B 2.4.2.2 can be used. In general, this model leads 
to sensible physical values for f < 0.1 (r > 0.9). 
 

B 2.5 Procedure for calculating the fatigue crack growth 

Note: 

In this section only cracks are considered the dimensions of which 
exceed 0.5 mm (macro-cracks). 

B 2.5.1 Fundamentals 

(1) The sub-critical crack extension under cyclic loading is 
called fatigue crack growth and can principally be described 
with linear-elastic fracture mechanic (LEFM) methods. The 
crack propagation rate is defined as function da/dN = f(∆K) with 
the crack depth a and the number of load cycles N. Where the 
experimentally determined crack growth rate da/dN is entered 
in a log-log system as function of the cyclic range of the stress 
intensity factor ∆K = Kmax - Kmin, the so-called crack propaga-
tion curve is obtained with the characteristic course as shown 
in Figure B 2.5-1. 

(2) The curve shown in Figure B 2.5-1 may e.g. described by 
the crack growth equation acc. to Erdogan-Ratwani [46] for the 
areas I to III. As regards its practical application within the range 
of application of KTA 3206 only the stationary range II is rele-
vant. 

(3) The course of the crack growth curve depends on the ma-
terial and is influenced by a number of factors (e.g. by the envi-
ronment due to corrosion processes at the crack tip, by the tem-
perature, by the ratio of R = Kmin/Kmax).  As defined, cracks be-
low the threshold value ∆Kth are not capable of propagating fur-
ther. Instable crack propagation occurs at a value ∆Kc if the crit-
ical stress intensity factor Kmax ≈ KIc is reached. 
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Figure B 2.5-1: Crack propagation at cyclic loading, principal sketch [35] 

 
B 2.5.2 Procedures to be applied 

(1) Crack propagation calculations may be made using the 
crack propagation equation to Paris-Erdogan [47] 

 ( )mKC
dN

da
∆⋅=  (B 2.5-1) 

to follow the method described in ASME BPVC Section XI [48], 
by which the linear region (area II) of the crack propagation 
curve shown in Figure B 2.5-1 has been approximated. 

Note: 
Further crack growth equations are e.g. given in [30], [35] and de-
scribed with respect to their range of application. 

(2) The factor C and the exponent m are material-dependent 
quantities. Covering values for air and defined water-chemical 
boundary conditions for PWR and BWR plants may be deter-
mined for ferritic materials [49] as well as for austenitic materi-
als (without influence of the environment) [50] in dependence 
of the R value and the temperature in accordance with ASME 
BPVC Section XI. 

Note: 
Further values for C and m are e.g. shown in [31], [34]. 

(3) For austenitic materials the crack growth equation acc. to 
Paris-Erdogan shall be extended by the term da/dNEnv to cal-
culate the crack growth under environmental conditions. 
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According to NUREG/CR-6176 [51] the following applies: 
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 (B 2.5-3) 

 S(R) = 1 + 1.8 ⋅ R for R ≤ 0.8 (B 2.5-4) 

 S(R) = -43.35 + 57.97 ⋅ R for R > 0.8 (B 2.5-4) 

 TR : rise time in seconds for one cycle 

The values for CEnv given in [51] and [52] depend on the oxygen 
content of the environment of BWR and PWR plants and apply 
to 5 ppb, 0.2 ppm and 8 ppm O2. 

Note: 
Depending on the rise time TR further crack growth equations da/dN 
are given in [51] for austenitic materials and for Alloy 182 in [32]. 

(4) The crack growth shall be calculated by integration of the 
crack growth equation used. 

(5) Crack growth is accelerated by existing residual tensile 
stresses. They have to be accounted for in the calculation of the 

stress intensity factors Kmax and Kmin and will change the ratio 
R = Kmin/Kmax. In addition crack growth may be influenced by 
the sequence of the load cycles within the load spectrums dur-
ing the transition from low to high loadings. In the case of multi-
stage spectrums the time sequence of the load cycles shall be 
considered appropriately (see e.g. the explanations in [35]). 
 

B 2.5.3 Required input data 

In addition to the data mentioned in section A 1 the following 
input data are required for fatigue crack growth calculation: 

a) load spectrum 

b) fluid conditions 

c) residual stresses. 
 

B 2.5.4 Limits of application 

(1) Material property values shall be used which apply to the 
crack growth curve in area II.  

(2) When calculating the stress intensity factors the limits of 
application of the solution, especially with respect to the cylin-
der and crack geometries (s/R, a/s, a/c) shall be observed. 

 

B 3 Procedures for the determination of leak flow rates 

B 3.1 Leakage area calculations 

B 3.1.1 Fundamentals 

(1) To verify the timely detection of through-thickness cracks 
the mass flow m&  escaping from a leak in dependence of the 
crack length 2c shall be determined. As the quantity of the fluid 
escaping depends on the size of the pertinent crack opening 
area, it is required to know the crack opening area as a function 
of the crack length. 

(2) The analytical calculation models for leakage areas of 
through-thickness defects are primarily based on the ap-
proaches for flat plates the validity of which was extended by 
suitable modifications and theory of shell considerations to 
cover cylinders and spherical components. The models make 
calculations for simple pipe and vessel geometries with circum-
ferential cracks and axial cracks under internal pressure and 
bending loading possible. In the case of ductile materials the 
leakage area will be enlarged by the formation of a plastic zone 
at the crack tip as well as by plastic deformations depending on 
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the ratio of membrane stress to flow stress. Besides the linear 
elastic models analytical calculation models for small plastic 
crack zones primarily to the Dugdale model as well as models 
considering the elastic-plastic material behaviour have been 
derived. 

(3) The exactness of the various model approaches has been 
checked by experimental and numerical investigations. As the 
evaluation of these investigation shows, linear-elastic calcula-
tion models generally lead to lower bound values and thus con-
servative results with respect to the determination of detectable 
leakage crack lengths compared to models with plasticity cor-
rection [54]. 
 

B 3.1.2 Procedures to be applied 

(1) Leakage areas shall be determined by means of  

a) validated analytical methods or 

b) finite element calculation or 

c) experimental investigations. 

(2) The procedure mentioned hereafter [55] shall normally be 
used for the analytical leakage area calculation of cracks in cyl-
inders, spherical components and plates where primarily tensile 
loadings are effective normal to the crack: 

a) for linear-elastic material behaviour 

aa) leakage area for a plate of infinite dimensions 

  A0 = 2 · π · σ · c2/E’ (B 3.1-1) 

 where: 
 σ : membrane stress 

 c : half the crack length 

 E : modulus of elasticity 

 E‘ = E for plane stress condition 

 E‘ = E/(1-ν2) for plane strain condition 

  ν : Poisson’s ratio 

ab) leakage area for cylinders with longitudinal crack and 
circumferential cracks 

  A = α(λ) · Ao (B 3.1-2) 

 where 

 for longitudinal cracks: 

 α(λ) = 1 + 0.1 · λ + 0.16 · λ2; 0 ≤ λ ≤ 8 (B 3.1-3) 
 
 for circumferential cracks: 

 α(λ) = (1 + 0.117 · λ2)0.5; 0 ≤ λ ≤ 5  (B 3.1-4) 

 λ = [12 · (1 - ν2)]1/4 · c · (rm · s)-1/2 (B 3.1-5) 

 α : buckling factor 

 λ : shell parameter 

 ν : Poisson’s ratio 

 c : half the crack length 

 rm : mean shell radius 

 s : wall thickness 

ac) leakage area for cracked spherical shell  

 Equation B 3.1-2 with 

  α(λ) = 1 + 0.02 · λ + 0.22 · λ2; 0 ≤ λ ≤ 5 (B 3.1-6) 

 λ : shell parameter 

b) For elastic-plastic material behaviour 

To account for plastic deformation at the crack tip the leakage 
areas determined by means of equations B 3.1-1 or B 3.1-2 may 
be extended by the factor γ(s). 
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  (B 3.1-7) 
where: 

s = σ/σf , but not to exceed 0.9 

σ : membrane stress  

σf : flow stress 

For the flow stress the following applies:  

a) The following flow stresses may be used: 

 σf = (Rp + Rm)/2 for ferritic materials  

 σf = 3 ⋅ Sm for austenitic materials 

 with Sm : equivalent stress intensity to KTA 3201.2. 

b) The use of σf = Rm leads to the determination of minimum 
leakage areas. 

(3) In case of more complex geometries and loadings where 
the analytical method to (2) cannot be applied, e.g. in the region 
of pipe bends, nozzles or abrupt wall thickness increase, the 
leakage areas shall be determined by means of other validated 
analytical procedures, finite element calculations or experi-
mental investigations. The parameters and boundary conditions 
to be considered shall be selected on the basis of sensitivity 
considerations such that the leak opening area is not over-esti-
mated. 
 

B 3.1.3 Limits of application 

When calculating leakage areas as a function of the through-
thickness crack length, the limits of application of the calculation 
models e.g. referred to 

a) the geometry of the component,  

b) the R/s ratio,  

c) the crack length 2c and  

d) the type and extent of loading  

shall be observed.  
 

B 3.2 Determination of the leak flow rates 

B 3.2.1 Fundamentals 

Where a leak detection system is present, beak preclusion ver-
ifications for pressure-retaining components shall ensure that 
for the purpose of a conservative consideration, the leak rate 
calculation leads to the estimation of smaller values then would 
be obtained with the real leak flow. To ensure estimation with 
lower values, corresponding assumptions shall be made within 
the verification with approximation methods as regards both 
structure-mechanics and thermo-hydraulic aspects. In such 
case, the leakage area of the considered through-thickness 
crack shall be estimated to attain a reduced value by respective 
assumptions as regards its shape. In addition, the flow re-
sistance of the flow through crack-type leaks shall be estimated 
to be higher (e.g. by a curve covering the connection between 
crack surface roughness and resistance value) and a flow 
model shall be used that generally delivers smaller leak rates 
compared to other model approaches. Comparative calcula-
tions show that leak flow calculations with simplified methods 
can contain great uncertainties [56]. 

Note: 

(1) Where a compressible fluid flows from one vessel through a flow 
channel (leak, pipe, nozzle, etc.) to another vessel (or into the at-
mosphere), the mass flow, at constant pressure at the flow channel 
inlet region, will first increase to attain its maximum value, the criti-
cal mass flow, at the channel exit region with decreasing pressure. 
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Here, at the narrowest point or at the flow channel outlet, sound 
velocity is obtained. In the case of two-phase flow, critical mass flow 
is also observed and also when a nearly incompressible fluid (e.g. 
water) escapes if the pressure along the flow path is essentially less 
than the saturation pressure pertinent to the fluid temperature. The 
critical phenomena are influenced by thermodynamic and fluid-dy-
namic imbalance processes which depend on the flow channel ge-
ometry and the flow condition at the channel inlet [57]. 

(2) The critical mass flow density depends on external factors of 
influence such as the pressure and the enthalpy at the flow channel 
inlet region as well as on geometric factors such as the type of flow 
channel, the hydraulic diameter, the flow channel length and rough-
ness of the surfaces. Internal factors of influence are possible dif-
ferences between the velocities of the water and steam phase in 
the flow channel (fluid-dynamic imbalance) as well as conditions of 
thermal imbalance, e.g. superheated water [57]. 

 

B 3.2.2 Procedures to be applied 

B 3.2.2.1 General 

(1) Depending on the thermodynamic fluid condition prior to 
fluid entry into the flow channel and on the geometric boundary 
conditions different calculation formulae shall be used. For sin-
gle-phase discharge of water with a temperature less than the 
saturation temperature of the ambient pressure (discharge of 
cold water) the Bernoulli equation should be used, and for the 
discharge of sub-cooled water with a temperature exceeding 
the saturation temperature of the ambient pressure as well as 
negligible steam portion the “modified” Bernoulli equation [64] 
should be used. With an increasing steam portion especially in 
the saturation region the use of two-phase models, e.g. the ho-
mogenous equilibrium model (HEM) [57] is recommended. For 
the superheated steam region the use of equations for escaping 
gas flow with friction is recommended. For simplified leak rate 
calculations the methods to Pana [58), Moody [59], Fauske [60], 
Henry [61], and Estorf [62] are basically suited for the purpose 
of one-dimensional flow modelling assuming critical (i.e. maxi-
mum) mass flow densities especially for the two-phase region, 
in which cases the respective limits of application shall be ob-
served. These methods have been sufficiently confirmed by re-
calculations within leak flow experiments (see e.g. [65]. 

(2) It shall be noted that especially in case of small crack-type 
leaks in relatively thick-walled structures sub-critical discharge 
flows have to be expected. For sub-critical discharge flows a 
conservative assumption of the flow resistance factor is subject 
to other uncertainties than for critical discharge. For the calcu-
lation of sub-critical discharge flows thermo-hydraulic solution 
algorithms (e.g. [63]) or experimentally validated simplified pro-
cedures should be used that differ from the procedures men-
tioned. In addition, it is recommended in individual cases to per-
form even complex fluid-dynamic calculations, e.g. CFD – com-
putational fluid dynamics methods. 
 

B 3.2.2.2 Single-phase discharge of a sub-cooled liquid 

(1) According to the modified Bernoulli equation, the mass 
flow density G (leak rate divided by leakage area) for the fric-
tional single-phase discharge of sub-cooled water with a tem-
perature above the saturation temperature of the ambient pres-
sure and negligible steam portion through a crack-type leak de-
pends on the difference between the stagnation pressure p0 at 
the flow channel inlet and the saturation pressure pS for the 
stagnation temperature as assumption for the pressure in the 
leak discharge region. In addition, G depends on the fluid den-
sity ρS for the stagnation temperature and the flow resistance ζ. 
According to [64] the functional correlation can be written as 
follows: 

 
( )[ ] ( )

ζ+

ρ⋅−⋅
=

1

TTpp2
G 0S0S0                           (B3.2-1)  

where 

G : mass flow density  

p0 : stagnation pressure (static pressure of the fluid up-
stream of inlet into the crack) 

pS(T0) : saturation pressure at stagnation temperature T0  

T0 : stagnation temperature (fluid temperature fluid up-
stream of inlet into the crack) 

ρS(T0) : saturation value of fluid density at stagnation temper-
ature 

ζ : flow resistance 

The validity of this equation is given if the thermodynamic con-
dition of the fluid at the mouth of the crack exit is even nearing 
saturation conditions. 

(2) The flow resistance values is composed as follows: 

 Aus
h

Ein
D

s
ζ+⋅λ+ζ=ζ  (B 3.2-2) 

where 
Dh : hydraulic diameter 

s : wall thickness (flow path length) 

ζEin : flow inlet loss 

ζAus : flow outlet loss 

λ : flow resistance factor 

For break preclusion verifications the inlet loss ζEin = 0.5 and 
and outlet loss ζAus= 0 shall be taken. 

For the hydraulic diameter Dh the relation 

 Dh = 4·A/U  (B 3.2-3) 

should be taken, where 

A : leakage area  

U : leak circumference.  
 

B 3.2.2.3 Two-phase discharge flow 

(1) A simple model for assessing two-phase flow discharge 
through cracks is the homogenous equilibrium model which is 
based on the following assumptions: 

a) the flow is isentropic, 

b) the flow is homogenous (same velocities of the two phases) 
and 

c) there is thermodynamic equilibrium (pressure and tempera-
ture of the two phases are the same). 

Figure B 3.2-1 schematically shows the two-phase discharge 
flow through a crack. 

 

Figure B 3.2-1: Schematic illustration of two-phase discharge 
flow through a crack  
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(2) The starting point for the derivation of the mass flow den-
sity G is the following relation for single-phase flow (at first with-
out friction): 

 ( )20
2

hh2
v

1
G −⋅⋅=  (B 3.2-4) 

Here h0 is the total enthalpy ahead of the crack inlet, h2 the 
enthalpy at the mouth of the crack exit and v2 the specific vol-
ume at the crack exit. For two-phase flow now the enthalpy and 
specific volume are described by the following summations: 
 lg h)x1(hxh ⋅−+⋅=  (B 3.2-5) 

 lg v)x1(vxv ⋅−+⋅=  (B 3.2-6) 

where x is the steam content and the indices “g” and “l” repre-
sent steam and water, respectively. 

It follows that:  
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=  (B 3.2-7) 

The steam content x can be determined from the respective en-
tropies “s” under the condition of isentropic flow: 
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Here, the flow resistance ζ as per equation B 3.2-2 is accounted 
for by using the pressure drop momentum: 

 ∫
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where 

p1 : pressure at flow channel inlet 

p2 : pressure at flow channel outlet 

(3) Now the following condition must be satisfied to determine 
the critical mass flow density: 

 0
dp

dG
=  (B 3.2-10) 

Usually this is solved by iteration by decreasing the pressure p 
to ambient pressure. If the mass flow then takes a maximum 
value, critical mass flow density is determined. Where no max-
imum is reached, the flow can be assumed to remain sub-criti-
cal. 
 

B 3.2.2.4 Single-phase discharge of superheated steam 

If single-phase steam is discharged, the steam can be treated 
as ideal gas and according to [64] under frictionless isotropic 
consideration the critical discharge rate is obtained to read: 
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−κ
+κ









+κ

⋅ρ⋅⋅κ   (B 3.2-11) 

where 

κ : isentropic exponent (p ⋅ vκ = const.) 

For frictional flow this discharge rate is multiplied with the factor 
η which according to equation B 3.2-12 depends on the flow 
resistance ζ . 

 ζ⋅−⋅=η ib
i ea  (B 3.2-12) 

where 

ζ : flow resistance to equation B 3.2-2  

ai und bi : parameters 

The parameters ai and bi are given for κ = 1.0 and κ = 1.3 in 
Table B 3.2-1.  

 

Lfd. Nr. ζ 
κ = 1.0 κ = 1.3 

ai bi ai bi 

1 0 to 1 1.00 0.24 1.00 0.28 

2 1 to 5 0.85 0.09 0.82 0.09 

3 5 to 20 0.63 0.03 0.59 0.03 

Table B 3.2-1: Parameters for equation B 3.2-12 

B 3.2.2.5 Resistance factor 

According to the calculations and experiments documented in 
[65] the relation hereafter at 1 ≤ Dh/(2 ⋅ RZ) results in a curve 
covering the resistance factor λ as a function of the hydraulic 
diameter Dh and the crack surface roughness RZ: 
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Typical values for the crack surface roughness of fatigue cracks 
are 

a) for austenitic steels RZ  ≈ 10 µm to 30 µm [66], [67], 

b) for ferritic steels RZ ≈ 10 µm [67]. 

 

B 3.2.3 Required input data  

(1) The input data required for the leak rate determination us-
ing simplified procedures are limited to data on the crack geom-
etry and thermo-hydraulic values. To describe the crack geom-
etry the following data are required: 

a) leakage area,  

b) circumference of leakage area,  

c) wall thickness (flow path length),  

d) crack surface roughness. 

(2) The following is required to characterize the thermos-hy-
draulic boundary conditions in the flow channel inlet and outlet 
regions: 

a) pressure at inlet, 

b) temperature at inlet, 

c) pressure at outlet, 

d) steam content at inlet. 
 

B 3.2.4 Limits of application 

When determining the mass flow density the applicable dis-
charge flow models and the pertinent equations shall be used. 
In each case, the boundary conditions and limits of application 
pertinent to the respective models and equations shall be ob-
served. 
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Annex C (normative) 

Material data for fracture-mechanics analysis 

 
C 1 Stress-strain curves 

(1) Technical stress-strain curves shall be determined at the 
pertinent temperatures in accordance with DIN EN ISO 6892-1 
and DIN EN ISO 6892-2. 

(2) The true stress-strain curves shall be determined for the 
pertinent temperatures 

a) from the technical stress-strain curves to obtain strain be-
fore reduction in area to the following equations: 

 ε)ln(1εw +=  (C 1-1) 

 ε)(1σσw +⋅=  (C 1-2) 

where 

ε :  nominal strain 

σ :  nominal stress 

εw :  true strain 

σw :  true stress 

or 

b) by measuring the cross-section reduction with correction to 
Bridegeman [68]. 

 

C 2 Characteristic crack initiation values 

C 2.1 Characteristic physical crack initiation values (Ji) 

(1) The characteristic physical crack initiation values Ji shall 
be determined to ISO 12135.  

Note: 

The characteristic values thus determined are transferrable to the 
component independently of the multi-axial stress state. 

(2) For the materials 20MnMoNi5-5 (1.6310), 22NiMoCr3-7 
(1.6751), X6CrNiNb18-10 (1.4550), X6CrNiTi18-10 (1.4541), 
15NiCuMoNb5 (1.6368), 15MnNi6-3 (1.6210) the characteristic 
crack initiation values given in Tables C 2-1 to C 2-2 may be 
used if the impact energy assigned to the crack initiation values 
are verified by notched-bar impact testing. In the case of dissim-
ilar welds the characteristic values given in Table C 2-3 may be 
used for the weld metal consisting of nickel alloy NiCr70Nb. 

Note: 

The crack initiation values given in the tables are representative for 
the materials used for piping and pressure vessels in German nu-
clear power plants. A statistical evaluation was not possible due to 
the small random specimen selection for each set of parameters. 

(3) In lieu of the physical crack initiation values to (1) or (2), 
the correlation between Ji and the impact energy obtained by 
notched-bar impact testing as per equation C 2-1 to [69] may be 
used for the fracture mechanics analysis of ferritic and austen-
itic materials (base metal and weld metal). Figure C 2-1 shows 
this relation in the range between KV = 100 J and KV = 300 J. 

 






 +
+=

119

373.5KV
exp-21.55Ji  (C 2-1) 

Where 

Ji : characteristic physical crack initiation value in N/mm 

KV :  impact energy from notched-bar impact testing in J 

 

Figure C 2-1: Correlation between Ji and the impact energy 

KV obtained by notched-bar impact testing 

Note: 
The curve shown in Figure C 2-1 is based on a statistical evaluation 
of test data and corresponds to the curve of average values minus 
two-times the standard deviation (-2s curve). This curve is not ap-
plicable to dissimilar welds with weld metal of nickel alloys, such as 
NiCr70Nb. 

 

C 2.2 Characteristic technical crack initiation values (J0.2, 
J0.2BL, JIc)  

(1) The characteristic technical crack initiation values shall be 
determined in accordance with ESIS P1-92 (J0.2) or ASTM 
E1820 (JIc) or ISO 12135 (J0.2BL).  

(2) For the material mentioned in C 2.1 (2) the JIc values 
shown by Table C 2-4 may be used if the impact energy as-
signed to the JIc values has been proved by notched-bar impact 
testing. 

Note: 
The JIc values given in the table are representative for the materials 
used for piping and pressure vessels in German nuclear power 
plants. A statistical evaluation was not possible due to the small ran-
dom specimen selection for each set of parameters. 

(3) When transferring the characteristic technical crack initia-
tion values on the component the multi-axiality of stress state in 
the component shall be considered. 

Note: 
Possible procedures for evaluating the transferability are e.g. de-
scribed in [70] and [71]. 

 

C 3 Crack-resistance curves (J-R curves) 

(1) J-R curves shall be determined either to ASTM E 1820 or 
ISO 12135. 

(2) For the material mentioned in C 2.1 (2) the J-R curves 
shown by Tables C 2-1 to C 2-4 as well as Figures C 2-2 to C 
2-17 may be used if the impact energy assigned to the J-R 
curves has been proved by notched-bar impact testing. 

Note: 

The J-R curves given in the tables are representative for the materi-
als used for piping and pressure vessels in German nuclear power 
plants. A statistical evaluation was not possible due to the small ran-
dom specimen selection for each set of parameters. 

(3) J-R curves may be determined for the materials men-
tioned in C 2.1 (2) (base material and weld metal) by correlation 
with the upper-shelf energy obtained from impact testing as fol-
lows: 

i
(KV + 373.5) / 119J = 21.55 + e

i

280 300100 120 140 160 180 200 220 240 260

0

100

150

200

250

300

50

Impact energy KV in J

C
ra

ck
 in

iti
at

io
n 

va
lu

e 
J

in
 N

/m
m



KTA 3206   Page 37 
 

 2C
1R aC)a(J ∆⋅=∆  for ∆a ≥ 1.0 mm (C 3-1) 

 

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1  (C 3-2) 

 03.0
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⋅⋅=  (C 3-3) 

where 
JR : crack resistance in N/mm 

∆a :  crack extension in mm 
T : Temperature in °C 
KV :  impact energy from notched-bar impact testing in J 

σy :  yield strength Re or Rp0.2 in N/mm2 

In the range ∆a = 0.0 mm up to 1.0 mm the J-R curve is con-
servatively described to show a bi-linear course as follows: 
 

∆a in mm JR in N/mm 

0.0 0.0 

∆ai  Ji 

1.0 JR (∆a = 1.0 mm) 

 

where 

Ji as per equation C 2-1, 

JR as per equation C 3-1 and  

∆ai as per equation C 3-4. 

 ∆ai = 7.28 � 10-4 ⋅ KV - 5.06 � 10-4  (C 3-4) 

where  

∆ai :  as per equation in mm at Ji as per equation C 2-1  

KV :  impact energy from notched-bar impact testing in J 

Note: 

The JR curves thus determined will cover the curves listed under 

Tables C 2-1 to C 2-4. The KV-JR curves correlation cannot be 

applied to dissimilar welds with weld metal of nickel alloys, such 
as NiCr70Nb.  

(4) When transferring the J-R curves on the component the 
multi-axiality of stress state in the component shall be consid-
ered. 

Note: 

Possible procedures for evaluating the transferability are e.g. de-
scribed in [70] and [71]. 
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Material 
Compo-

nent 
Type Temperature 

Flaw Specimens KVT Ji ∆ai ∆amax J = K01x∆aEX1+ K02x∆aEX2+ K03x∆aEX3 Figure  
and curve 

no. 
Orienta-

tion 
Type 

Orien-
tation 

Num-
ber 

J N/mm mm mm K01 K02 K03 EX1 EX2 EX3 

15MnNi6-3 
pressure 
vessel 

base 
material 

RT axial through-thickness crack T-L 3 228 269 0.1574 2.6709 80.56 -1029.06 1997.88 0.1 0.3 0.5 C 2-2/1 

up to 200 °C axial through-thickness crack T-L 3 231 257 0.1874 2.7527 130.91 -532.82 1082.52 0.1 0.3 0.5 C 2-2/2 

20MnMoNi5-5 

pressure 
vessel 

base 
material 

RT axial surface crack T-S 2 158 292.9 0.105 1.2033 0 0 904.64 0 0 0.5 C 2-3/1 

up to 300 °C axial surface crack T-S 1 209 186.9 0.167 1.4125 0 0 457.82 0 0 0.5 C 2-3/2 

pipe 
base 

material 

RT 

axial 
surface crack T-S 5 200 129.7 0.131 2.1634 -109.54 37.12 549.6 0.1 0.3 0.5 C 2-4/1 

through-thickness crack T-L 8 204 110.9 0.128 2.1511 -66.49 -9.28 475.35 0.1 0.3 0.5 C 2-4/2 

circum-
ferential 

surface crack L-S 5 215 197 0.133 2.5403 -36.74 -202.82 926.23 0.1 0.3 0.5 C 2-4/3 

through-thickness crack L-T 1 208 201.5 0.14 2.4544 10.23 -343.09 1024.45 0.1 0.3 0.5 C 2-4/4 

up to 300 °C axial 
surface crack T-S 1 181 195.3 0.135 2.4753 -380.12 926.68 -4.89 0.1 0.3 0.5 C 2-4/5 

through-thickness crack T-L 1 202 207.7 0.113 2.2984 302.67 -443.56 580.01 0.1 0.3 0.5 C 2-4/6 

up to 240 °C 
circum-
ferential 

surface crack L-S 3 247 164.8 0.1347 2.827 -173.53 472.43 130.52 0.1 0.3 0.5 C 2-4/7 

through-thickness crack L-T 1 245 200.9 0.1456 3.201 258.24 -397.15 552.34 0.1 0.3 0.5 C 2-4/8 

15NiCuMoNb5 

pressure 
vessel 

base 
material 

RT axial through-thickness crack T-L 1 79 69.9 0.065 2.0957 -20.99 81.89 195.42 0.1 0.3 0.5 C 2-5/1 

up to 250 °C axial through-thickness crack T-L 2 85 54.7 0.061 2.504 -39.24 224.46 -51.17 0.1 0.3 0.5 C 2-5/2 

pipe 

base 
material 

RT 

axial 
surface crack T-S 2 54 44.5 0.044 2.5602 -132.01 322.06 71.11 0.1 0.3 0.5 C 2-6/1 

through-thickness crack T-L 2 54 55.7 0.074 0.6004 190.62 51.84 0 0.5 1 0 C 2-6/2 

circum-
ferential 

surface crack L-S 1 147 149.3 0.0459 1.7099 -31.5 232.03 375.27 0.1 0.3 0.5 C 2-6/3 

through-thickness crack L-T 6 137 73 0.061 1.9604 -19.2 89.09 198.4 0.1 0.3 0.5 C 2-6/4 

up to 250 °C 
axial 

surface crack T-S 1 92 48.9 0.0333 1.5094 70.58 -59.9 110.78 0.1 0.3 0.5 C 2-6/5 

through-thickness crack T-L 1 99 71.4 0.036 1.9873 123.96 -125.57 151.78 0.1 0.3 0.5 C 2-6/6 

circum-
ferential 

surface crack L-S 2 185 90.2 0.078 1.933 55.71 -234.29 558.95 0.1 0.3 0.5 C 2-6/7 

weld 
metal 

RT 
circum-
ferential 

through-thickness crack L-T 2 75 52.2 0.0488 1.6156 -47.53 195.1 38.33 0.1 0.3 0.5 C 2-7/1 

up to 210 °C 
circum-
ferential 

through-thickness crack L-T 1 114 57.9 0.0586 2.0882 12.85 42.84 123.83 0.1 0.3 0.5 C 2-7/2 

22NiMoCr3-7 
pressure 
vessel 

base 
material 

RT axial through-thickness crack T-L 4 44 79 0.063 2.1106 -17.75 189.76 38.01 0.1 0.3 0.5 C 2-8/1 1) 

up to 300 °C axial 
surface crack T-S 4 86 51.8 0.064 3.6032 1756.07 -2587 977.31 0.7 0.8 0.9 C 2-8/2 1) 

through-thickness crack T-L 2 86 77.1 0.062 2.777 81.63 13.96 36.99 0.1 0.3 0.5 C 2-8/3 1) 

RT axial surface crack T-S 6 109 65 0.087 2.5738 26.94 -242.24 542.99 0.1 0.3 0.5 C 2-9/1 2) 

up to 300 °C axial surface crack T-S 2 131 81 0.073 2.984 -30.34 111.96 195.97 0.1 0.3 0.5 C 2-9/2 2) 

RT axial surface crack T-S 15 151 127 0.183 3.0561 386.29 -1561.86 1727.73 0.1 0.3 0.5 C 2-10/13) 
1) Approx. 90 J at upper shelf (lower bound for the toughness requirements to KTA 3201.1 und KTA 3211.1) 
2) Bent plates (150 mm thick), longitudinally welded 
3) Forged rings with great wall thicknesses (250 mm to 500 mm) 

Table C 2-1: Characteristic physical crack initiation values and J-R curves for ferritic steels 
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Material 
Compo-

nent 
Type Temperature 

Flaw Specimens KVT Ji ∆ai ∆amax J = K01x∆aEX1+ K02x∆aEX2+ K03x∆aEX3 Figure  
and curve 

no. 
Orienta-

tion 
Type 

Orien-
tation 

Num-
ber 

J N/mm mm mm K01 K02 K03 EX1 EX2 EX3 

X6CrNiNb18-10 pipe 

base ma-
terial 

RT 
circum-
ferential 

surface crack L-S 7 190 350.9 0.203 1.9436 -1546.85 4825.85 -2237.75 0.5 0.7 0.9 C 2-11/1 

through-thick-
ness crack 

L-T 12 190 213.6 0.1686 4.0379 -1348.7 3680.21 -1445.03 0.5 0.7 0.9 C 2-11/2 

up to 350 °C 
circum-
ferential 

surface crack L-S 1 275 409 0.258 0.3518 0 0 805.3 0 0 0.5 C 2-11/3 

through-thick-
ness crack 

L-T 2 275 347.1 0.158 2.33 -62.76 471.01 323.34 0.1 0.3 0.5 C 2-11/4 

weld me-
tal 

RT 
circum-
ferential 

surface crack L-S 2 106 79.7 0.0798 2.5145 -152.19 827.96 -178.74 0.5 0.7 0.9 C 2-12/1 

through-thick-
ness crack 

L-T 1 100 117.2 0.081 2.1537 180.43 393.76 -18.92 0.5 0.7 0.9 C 2-12/2 

up to 350 °C 
circum-
ferential 

surface crack L-S 1 138 145.3 0.128 2.6057 114.11 -241.66 511.1 0.1 0.3 0.5 C 2-12/3 

through-thick-
ness crack 

L-T 1 133 176 0.11 2.5082 107.21 -152.07 507.81 0.1 0.3 0.5 C 2-12/4 

X6CrNiTi18-10 pipe 

base ma-
terial 

RT 
circum-
ferential 

surface crack L-S 3 247 306.4 0.196 2.2004 243.73 -1234.06 1933.81 0.1 0.3 0.5 C 2-13/1 
through-thick-

ness crack 
L-T 5 237 331.2 0.203 1.1296 599.45 -2818.02 3477.33 0.1 0.3 0.5 C 2-13/2 

up to 300 °C 
circum-
ferential 

surface crack L-S 2 270 315.3 0.187 2.9816 -375.48 626.63 587.18 0.1 0.3 0.5 C 2-13/3 
through-thick-

ness crack 
L-T 2 263 293.4 0.201 2.161 -70.81 -219.47 1091.47 0.1 0.3 0.5 C 2-13/4 

weld me-
tal 

RT 
circum-
ferential 

surface crack L-S 2 100 78.4 0.078 2.9957 33.63 118.76 190.81 0.1 0.5 0.9 C 2-14/1 
through-thick-

ness crack 
L-T 4 100 94.9 0.086 4.3191 83.66 -1.46 272.03 0.1 0.5 0.9 C 2-14/2 

up to 300 °C 
circum-
ferential 

surface crack L-S 2 141 108.5 0.092 3.0103 27.86 -132.59 499 0.1 0.3 0.5 C 2-14/3 
through-thick-

ness crack 
L-T 2 152 122.7 0.102 2.4162 30.91 -160.78 561.08 0.1 0.3 0.5 C 2-14/4 

Table C 2-2: Characteristic physical crack initiation values and J-R curves for austenitic steels 

 

Material Bauteil Type Temperature 
Flaw Specimens KVT Ji ∆ai ∆amax J = K01x∆aEX1+ K02x∆aEX2+ K03x∆aEX3 Figure  

and curve 
no. 

Orienta-
tion 

Type 
Orien-
tation 

Num-
ber 

J N/mm mm mm K01 K02 K03 EX1 EX2 EX3 

Dissimilar weld 
NiCr70Nb 

pipe 
weld me-

tal 

RT 
circum-
ferential 

surface crack L-S 15 104 35.6 0.023 2.8101 25.03 33.75 49.57 0.1 0.3 0.5 C 2-15/1 
through-thick-

ness crack 
L-T 1 116 31.1 0.0354 2.94 -38.05 101.94 111.05 0.1 0.3 0.5 C 2-15/2 

up to 350 °C 
circum-
ferential 

through-thick-
ness crack 

L-T 1 131 114.2 0.051 3.15 86.51 195.79 111.86 0.1 0.5 1 C 2-15/3 

Table C 2-3: Characteristic physical crack initiation values and J-R curves for weld metal NiCr70Nb in dissimilar welds 
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Figure C 2-2: J-R curves of the steel 15MnNi6-3 for pressure vessels 

 

Figure C 2-3: J-R curves of the steel 20MnMoNi5-5 for pressure vessels 
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Figure C 2-4: J-R curves of the steel 20MnMoNi5-5 for pipe 

 

Figure C 2-5: J-R curves of the steel 15NiCuMoNb5 for pressure vessels 
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Figure C 2-6: J-R curves of the steel 15NiCuMoNb5 for pipe 

 

Figure C 2-7: J-R curves for the weld metal S3 NiMo 1 in welded joints of the steel 15NiCuMoNb5 
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Figure C 2-8: J-R curves of the steel 22NiMoCr3-7 for pressure vessels (lower bound for the toughness requirements to KTA 
3201.1 and KTA 3211.1) 

 

Figure C 2-9: J-R curves of the steel 22NiMoCr3-7 for pressure vessels (bent plate 150 mm thick, longitudinally welded) 

∆

0 3.0 3.5 4.00.5 1.0 1.5 2.0 2.5
0

50

100

150

200

250

300

Crack growth a  in mm

J-
In

te
gr

al
  i

n 
N

/m
m

1

3

2

∆

0 3.0 3.50.5 1.0 1.5 2.0 2.5
0

100

200

300

400

500

600

700

Crack growth a  in mm

J-
In

te
gr

al
  i

n 
N

/m
m

2

1



KTA 3206   Page 44 

 

Figure C 2-10: J-R curves of the steel 22NiMoCr3-7 for pressure vessels  
(forged rings with wall thicknesses of 250 mm up to 500 mm) 

 

Figure C 2-11: J-R curves of the steel X6CrNiNb18-10, base material 
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Figure C 2-12: J-R curves for the weld metal E 19.9 Nb B 20 in welded joints of the steel X6CrNiNb18-10 

 

Figure C 2-13: J-R curves of the steel X6CrNiTi18-10, base material 
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Figure C 2-14: J-R curves for the weld metal 19 9 Nb in welded joints of the steel X6CrNiTi18-10 

 

Figure C 2-15: J-R curves for the weld metal NiCr70Nb in dissimilar welds 
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Material Component Type Temperature 
Flaw Specimens KVT JIc ∆ai ∆amax J = Kx∆aEX Figure  

and curve 
no. 

Orienta-
tion 

Type Orientation Number J N/mm mm mm K EX 

15 MnNi6-3 
pressure  
vessel 

base material 
RT 

axial 

through-thickness 
crack 

T-L 3 228 1450.0   
   

up to 200 °C 
through-thickness 

crack 
T-L 3 231 623.4      

20MnMoNi5-5 
pressure  
vessel 

base material up to 300 °C axial surface crack T-S 1 209 245.8 
  

   

15NiCuMoNb5 

pressure  
vessel 

base material 
RT 

axial 

through-thickness 
crack 

T-L 1 79 162.6 0.34319 2.0957 256.73 0.42706 C 2-16/1 

up to 250 °C 
through-thickness 

crack 
T-L 2 85 105.0 0.30811 2.504 135.15 0.21441 C 2-16/2 

pipe 

base material 

RT 

axial surface crack T-S 2 54 164.8 0.33697 2.5602 265.11 0.43706 C 2-16/3 

circum-
ferential 

surface crack L-S 1 147 411.0      
through-thickness 

crack 
L-T 6 137 147.2      

up to 250 °C 
axial 

surface crack T-S 1 92 76.2      
through-thickness 

crack 
T-L 1 99 92.9      

circum-
ferential 

surface crack L-S 2 185 176 
  

   

weld metal 
RT 

circum-
ferential 

through-thickness 
crack 

L-T 2 75 107.9      

up to 210 °C 
through-thickness 

crack 
L-T 1 114 92.3      

22NiMoCr3-7 
pressure  
vessel 

base material 

1)   RT 
axial 

through-thickness 
crack T-L 4 44 151.7 

 
    

1) 240 °C up to 
300 °C 

surface crack T-S 4 86 97.8 
 

    

2) RT 
axial 

surface crack T-S 6 109 178.5 0.36975 2.5738 327.50 0.61 C 2-17/1 

2) 
240 °C up to 

300 °C 
surface crack T-S 2 131 169.1 0.36642 2.984 273.80 0.48 C 2-17/2 

3) RT axial surface crack T-S 15 151 337.0 0.52517 3.0561 549.80 0.76 C 2-17/3 

1) Approx. 90 J at upper shelf (lower bound for the toughness requirements to KTA 3201.1 and KTA 3211.1) 
2) Bent plates (150 mm thick), longitudinally welded  
3) Forged rings with great wall thicknesses (250 mm to 500 mm) 

Table C 2-4: Characteristic technical crack initiation values and J-R curves for ferritic steels 
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Figure C 2-16: Technical J-R curves for the steel 15NiCuMoNb5 

 

Figure C 2-17: Technical J-R curves for the steel 22NiMoCr3-7 
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Annex D (informative) 
Examples for fracture-mechanics analysis 

 
 
 
D 1 Austenitic piping with circumferential crack 

D 1.1 Input data 

(1) Loading data  

a) from the governing load case level D (for fracture mechan-
ics calculation) 

 

 Pressure: p = 7.4 MPa 

 Temperature:  T = 150.0 °C 

 Bending moment due to dead weight 
and load in case of damage: MEG+Last = 39.7 kNm 

 Bending moment due to thermal ex-
pansion in case of damage: MWd = 32.6 kNm 

 Total bending moment in case of 
damage: Mges = 72.3 kNm 

b) From load case combination shutdown (for crack growth 
calculation) 

 

 Max. pressure: pmax = 7.4 MPa 

 Min. pressure: pmin = 0.0 MPa 

 Max. temperature: Tmax = 150.0 °C 

 Min. temperature: Tmin = 20.0 °C 

 Bending moment due to dead weight: MEG = 4.2 kNm 

 Bending moment due to thermal ex-
pansion: MWD = 32.6 kNm 

 Max. bending moment (= MEG + MWD): Mmax = 36.8 kNm 

 Min. bending moment (= MEG): Mmin = 4.2 kNm 

(2) Geometry 

 Inside diameter: Di = 243.0 mm 

 Wall thickness: s = 15.0 mm 

(3) Material 
 

 Material designation: X6CrNiNb18-10 (1.4550) 

 Modulus of elasticity: E = 186 kN/mm2 

 Poisson’s ratio: ν = 0.3 

 0.2% proof stress  
(at 150 °C as per KTA 3201.1): Rp0.2T = 167.0 N/mm2 

 1 %  proof stress  
(at 150 °C as per KTA 3201.1): Rp1,0T = 196.0 N/mm2 

 Tensile strength (at 150 °C as 
per KTA 3201.1 by interpolation): RmT = 409.0 N/mm2 

 Equivalent stress intensity as per 
KTA 3201.2: Sm = 131.0 N/mm2 

 J-R curve as per Figure D 1-1 

Note: 
The transferability of the J-R curve to pipes with circumferential 
cracks under internal pressure and bending moment loading 
was proved in [72] for comparable pipes made of austenitic ma-
terial. 

 
D 1.2 Step 1 to Figure A-3: determination of initial crack 

(1) Determination to equation A 2-1 and equation A 2-5: 

 aa = 0.3 ⋅ s = 4.5 mm (D 1.2-1) 

 2 ⋅ ca ≥ 6 ⋅ aa = 27 mm (D 1.2-2) 
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Figure D 1-1: J-R curve for the considered austenitic piping with circumferential crack

D 1.3 Step 2 to Figure A-3: determination of crack develop-
ment ∆a and 2∆c 

(1) Determination of stress intensity factors K [73] 

 ( )[ ] QaGAGAAK 110P0 ⋅π⋅⋅+⋅+=  (D 1.3-1) 

with ( ) y
1.65 q2ca4.5931Q −⋅+=  (D 1.3-2) 

where 

a : calculated crack depth 

2c : calculated crack length 

G0, G1 : correction factors to ASME BPVC Section XI, App. A, 
Table A-3320-1 and Table A-3320-2, which differ de-
pending on the calculation of the stress intensity factor 
at point 1 (crack depth) or point 2 (crack length); G1 is 
not relevant if constant stress through the wall is as-
sumed 

A0, A1 : polynomial coefficients to describe the stress distribu-
tion through the wall to ASME BPVC Section XI, App. 
A, Article A-3200 (b); not relevant if constant stress 
through the wall is assumed 

Ap : internal pressure (for surface cracks at pipe inner wall, 
otherwise equal to zero) 

qy : plastic zone correction factor; = 0 acc. to ASME BPVC 
Section XI, Article A-5200 

(2) Determination of minimum (Kmin) and maximum (Kmax) 
stress intensity factor (determination for minimum and 
maximum loading) 

 Kmin,j = K (A0,min, Ap,min, G0,j, A1,min, G1,j, a, 2c) (D 1.3-3) 

 Kmax,j = K (A0,max, Ap,max, G0,j, A1,max, G1,j, a, 2c) (D 1.3-4) 

 j = point 1 (crack depth) or at point 2 (crack length) 

 

( )
( )

( )
( ) 




































⋅+
−⋅+

⋅
π

⋅
+





































⋅+
−⋅+

⋅
π

⋅

+







⋅
+

⋅=

s2D

Ds2D

32

10

s2D

Ds2D

32

10

s4

sD

10

p
A

i

4
i

4
i

6
WD

i

4
i

4
i

6
EG

imaxmin/
maxmin/,0

MM
 

  (D 1.3-5) 

Assuming constant stress through the wall the following is ob-
tained for the initial crack in the example: 

Kmin,P1 = 22.8 N/mm3/2,  

Kmax,P1 = 366.2 N/mm3/2, 

Kmin,P2 = 14.6 N/mm3/2 and  

Kmax,P2 = 234.3 N/mm3/2 

Residual stresses have not been considered in the determina-
tion of stress intensity factors. 

(3) Calculation of stress intensity range 

 ∆Kj = Kmax,j - Kmin,j (D 1.3-6) 

At constant stress through the wall the following is obtained for 
the initial crack in the example: 

 ∆KP1 = 343.2 N/mm3/2 and ∆KP2 = 219.7 N/mm3/2 

(4) Determination of the ratio R: 

 R = 
max

min

K

K
 (D 1.3-7) 

At constant stress through the wall the following is obtained for 
the initial crack in the example: R = 0.062 

(5) Crack growth calculation to equation B 2.5-2 with equation 
B 2.5-3 

 ( ) 65.15.0
R

5.0
Env

m KT)R(SC) K( C = 
dN

da
∆⋅⋅⋅+∆⋅  (D 1.3-8) 

(6) Calculation of ∆a and ∆c per cycle for the example 
(equations to Annex B 2.5): 

 C = 10F ⋅ S(R) = 2.84 ⋅ 10-8 for P1 and P2 

 CEnv = 8.33 ⋅ 10-11 to [51] for 0.2 ppm DO

 
 m = 3.3 

 TR = 3600 s 

 S(R) = 1+1,8 R = 1,1115 (D 1.3-9) 

 Fj = -8.714 + 1.34 ⋅ 10-3 ⋅ Tj – 3.34 ⋅ 10-6 Tj
2 + 5.95 ⋅ 10-9 ⋅ Tj

3 

 = - 8.57 for P1 and P2 (D 1.3-10) 

 ∆a = C ⋅ ∆KP1
m + CEnv ⋅ TR

 0.5 ⋅ S(R)0.5 ⋅ ∆KP1
1.65  

 = 0.28 ⋅ 10-3 mm (D 1.3-11) 

 ∆c = C ⋅ ∆KP2
m + CEnv ⋅ TR

 0.5 ⋅ S(R)0.5 ⋅ ∆KP2
1.65  

 = 0.12 ⋅ 10-3 mm (D 1.3-12) 

and from this the following is derived for the point in time after 
the first cycle 

new flaw depth:   
  a1Z = aa + ∆a = 4.50028 mm (D 1.3-13) 

new flaw length: 

 2c1Z = 2ca + 2 ⋅ ∆c = 27.00024 mm (D 1.3-14) 

(7) For the period of operating time to follow, the flaw dimen-
sion calculated before is used as new initial value and the cal-
culation is restarted at point (1). 

Until the end of life (EOL = 40 years; 240 start-up/shutdown cy-
cles) the following values are obtained: 

flaw depth:  ae = 4.57 mm 

flaw length: 2ce = 27.06 mm 

 

D 1.4 Step 3 to Figure A-3: calculation of critical through-
thickness crack length 2ckrit 

D 1.4.1 Determination of the necessary input values to be 
calculated 

(1) Axial stress due to internal pressure (primary stress) to 
equation B 2.1-14 with p = 7.4 MPa: 

 σax,p = 28.3 N/mm2    (D 1.4-1) 

(2) Elastic resistance moment of pipe to equation B 2.1-16: 

 Wpipe = 743606.4 mm3 (D 1.4-2) 

(3) Axial stress due to moment (bending stress) to equation B 
2.1-15 with M = 72.3 kNm: 

 σax,M = 97.2 N/mm2 (D 1.4-3) 

 

D 1.4.2 Plastic limit load approach (PLL) 

(1) Flow stress to Table B 2.1-1 for the austenitic steel 1.4550: 

 
( )

4.2

RR mTT2.0p
f

+
=σ  = 240 N/mm2 (D 1.4-4) 
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(2) The crack angle 2α of the though-wall crack at which fail-
ure of the cracked pipe under the loadings mentioned before 
(equation D 1.4-1 and D 1.4-3) cannot be excluded, are calcu-
lated using equation B 2.1-13 in consideration of a through-
thickness crack with a/s = 1. 

A critical crack angle of 2α = 121.6° is obtained. Based on the 
mean diameter Dm this corresponds to a critical through-thick-
ness crack length 2ckrit,PLL = 273.9 mm. 

(3) The pertinent leak-before-break diagram for the plastic 
limit load approach is shown in Figure D 1-2. The critical crack 
depth akrit (2ce) for step 4 (acc. to Figure A-3) is given by  
akrit (2ce) = s = 15 mm. 

 

 

 

Figure D 1-2: Leak-before-break diagram – plastic limit load approach (PLL) 

 
 
D 1.4.3 Flow stress concept (FSC) 

D 1.4.3.1 Calculation according to MPA (FSC/MPA) 

(1) For base material areas the flow stress is obtained from 
Table B 2.1-1 for the austenitic steel 1.4550: 

 σF,FSC/MPA = 
( )

2

RR mTT2.0p +
 = 288 N/mm2 (D 1.4-5) 

(2) The crack angle 2α of the through-thickness crack at 
which failure of the cracked pipe under the loadings mentioned 
before (internal pressure 7.4 MPa and bending moment 
M = 72.3 kNm) cannot be excluded, is given by solving equation 
B 2.1-17. A critical crack angle of 2α = 90.03° is obtained. 
Based on the mean diameter Dm this corresponds to a critical 
through-thickness crack length 2ckrit FSC/MPA = 202.7 mm. 

(3) The pertinent leak-before-break diagram for the FSC/MPA 
method is shown in Figure D 1-3. The critical crack depth akrit 
(2ce) for step 4 (acc. to Figure A-3) is given by  
akrit (2ce) = s = 15 mm. 

D 1.4.3.2 Calculation according to Siemens-KWU (now 
AREVA) (FSC/KWU) 

(1) Flow stress to Table B 2.1-1 for the austenitic steel 1.4550: 

 σF,FSC/KWU = 0.6 · (Rp0.2 + Rm) = 345.6 N/mm2 (D 1.4-6) 

(2) The crack angle 2α of the through-thickness crack at 
which failure of the cracked pipe under the loadings mentioned 
before (equations D 1.4-1 and D 1.4-3) cannot be excluded, is 
given by solving equations B 2.1-19 and B 2.1-21. For a 
through-thickness crack the stress intensification factors for 
point B (a/s = 1) given by equations B 2.1-22 and B 2.1-23 are 
considered. A critical crack angle of 2α = 105.9° is obtained. 
Based on the mean diameter Dm this corresponds to a critical 
through-thickness crack length 2ckrit,FSC/KWU = 238.3 mm. 

(3) The pertinent leak-before-break diagram for the 
FSC/KWU method is shown in Figure D 1-4. The critical crack 
depth akrit (2ce) for step 4 (acc. to Figure A-3) is given by akrit 
(2ce) = s = 15 mm. 
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Figure D 1-3: Leak-before-break diagram – FSC / MPA 

 

 

Figure D 1-4: Leak-before-break diagram – FSC / KWU 
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D 1.4.4 J‐Integral/Tearing modulus procedure 

D 1.4.4.1 Stress-strain curve 

For the example the stress-strain curve to Annex B, Figure 
B 2.2-5 was taken with the following Ramberg-Osgood param-
eters: 
 

E 186000  MPa 

α 15.5  

Rp0.2 167 MPa 

n 2.5  
 
 

D 1.4.4.2 Analytical procedure 

(1) Bending only 

a) Stable crack growth in the structure in crack length orienta-
tion of ∆cmax = 2.5 mm occurs for a through-thickness crack 
with a length between 2 ⋅ 125 mm and 2 ⋅ 130 mm (2c2.5mm 
between 250 mm and 260 mm, based on external diame-
ter). At a stable crack growth of ∆cmax = 2.5 mm no instabil-
ity will occur in crack length orientation. 

b) The total angle lies between 104.9° (for 250 mm) and 109.1° 
(for 260 mm), based on external diameter. 

See Figures D 1-5 and D 1-6. 

(2) Internal pressure only 

a) Under internal pressure no stable crack growth in crack 
length orientation to exceed ∆cmax = 2.5 mm will occur at an 
angle up to 180°. 

b) With bending stresses = bending stress due to moment and 
axial stresses due to internal pressure stable crack growth 
will occur in the structure in crack length orientation of 
∆cmax = 2.5 mm between 2 ⋅ 90 mm und 2 ⋅ 95 mm (2c2.5mm 
between 180 mm and 190 mm, based on external diame-
ter). 

c) The total angle lies between 75.6° (for 180 mm) and 79.7° 
(for 190 mm), based on external diameter. 

See Figures D 1-7 and D 1-8. 

(3) For the calculation of the critical crack size a maximum 
stable crack growth of ∆cmax = 2.5 mm in crack length orienta-

tion is considered. 

This leads to the following critical through-thickness crack 
length: 

 2ckrit = 170 mm (based on mean radius) 

 Angle = 75.6°. 

Note: 

Due to the limitation of the J-R curve to ∆cmax in the structure in 
crack length orientation no instability is yet obtained at 2ckrit. 

 

D 1.4.4.3 Finite element analysis 

(1) The analysis is made using the FE model (ABAQUS) 
shown in Figure D 1-9. Square elements and wedge elements 
are used for the crack tip. 

(2) The distribution of axial stresses is shown in Figure D 1-10. 

(3) The J-integral has been evaluated under the same loading 
for several crack angles along the crack front (average values 
over the wall thickness) (see Figure D 1-11). The results are 
shown in Table D 1-1. 

(4) For the calculation of the critical crack size a maximum 
stable crack growth of ∆cmax = 2.5 mm in crack length orienta-
tion is considered. 

This leads to the following critical through-thickness crack 
length: 

 2ckrit = 273.5 mm (based on mean radius) 

 Angle = 121.4°. 

Note: 

Due to the limitation of the J-R curve to ∆cmax in the structure in 
crack length orientation no instability is yet obtained at 2ckrit. 

 
 

Crack angle  
in Grad 

Flaw length 1)  
in mm 

J-integral  
in N/mm 

100 225.15 134.89 

120 270.18 585.74 

140 315.21 2313.79 

160 360.24 7055.50 

1) Flaw length based on : mean radius 

 

Table D 1-1: J-Integral depending on crack angle 

 

 
crack size : one half the crack length 

Figure D 1-5: J-integral analysis for bending 
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Figure D 1-6: Instability analysis for bending 

 

Figure D 1-7: J-integral analysis for internal pressure 

 

Figure D 1-8: Instability analysis for internal pressure 
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Figure D 1-9: Finite element model and boundary conditions 
(Through-thickness crack at the connection of pipe to a component; all degrees of freedom fixed in the ligament 
thus minimizing the leakage area compared to other restraints) 

        

Figure D 1-10: Distribution of axial stresses 

 

Figure D 1-11: Progression of J-integral and J-R curve 
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D 1.4.5 Two-criteria method 

(1) The calculation in this example are made to [32] for point A 
acc. to Figure D 1-12 with and without consideration of welding 
residual stresses. 

Note: 
The calculation for point A leads to higher crack loadings compared 
to point B and thus is conservative for this example. 
 

 

Figure D 1-12: Crack configuration 

(2) The determination of secondary stresses to Table R5 in 
connection with Table R1 in [32] results in a linear course 
across the wall thickness: 

 σS = (1.5884 - 0.05284 � s) ⋅ Rp1.0T [1 - 2 ⋅ ( x ⋅ s-1)] 

  (D 1.4-7) 

 σS = (1.5884 - 0.05284 � s) � (196 MPa) � [1 - 2 ⋅ ( x ⋅ s-1)] 
  (D 1.4-8) 

 σi
S

(x=0.0) = 156 MPa 

 σa
S

(x=1.0) = -156 MPa 

(3) The critical through-thickness crack length 2ckrit and the 
critical crack depth akrit of the surface crack shall be determined 
using the J-R curves of Figure D 1-1. 

(4) The “Failure Assessment Curve” (FAC) is calculated acc. 
to the following relationship: 

 Kr ≤ fR6 = (1 - 0.14 ⋅ Lr
2) ⋅ [0.3 + 0.7exp(-0.65 ⋅ Lr

6)] 

      (D 1.4-9) 

 Lr ≤ Lr
max = 2.0p

f

R

σ

 for materials without Lüders plateau 

  (D 1.4-10) 

 σf = 3 ⋅ Sm (D 1.4-11) 

(5) Kr is calculated for point A using the tabulated shape func-
tions for KI to Appendix K3.5. 

(6) The calculation of Lr does not depend on the considered 

evaluation point and is performed according to Appendix L3.5. 

(7) Determination of the critical crack depth akrit 

 akrit > 0.75 ⋅ s = 11.25 mm, see Figure D 1-13. 

 azul = 0.75 ⋅ s = 11.25 mm. 

(8) Determination of the critical through-thickness crack length 
2ckrit 

Note: 
Due to the limitation of the J-R curve to ∆amax no instability is yet 
obtained at 2ckrit. 

a) The critical through-thickness crack length without consid-
eration of residual stresses results in 2ckrit = 231 mm, see 
Figure D 1-14. 

b) The critical through-thickness crack length with considera-
tion of residual stresses results in 2ckrit = 223 mm, see Fig-
ure D 1-15. 

 

Figure D 1-13: Determination of allowable crack depth 

 

Figure D 1-14: Determination of critical crack length without 
consideration of residual stresses 

 

Figure D 1-15: Determination of critical crack length with con-
sideration of residual stresses 
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a) crack surface roughness: RZ = 20.0 µm 
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e) fluid density: ρS = 917.0 kg/m3 
(saturation value to [74]) 

f) saturation pressure: p0 = 0.48 MPa 
(at T0 = 150 °C to [74]) 

g) detectable leak rate: ṁLÜS = 200 kg/h 

(2) Leakage area calculation depending on crack length 2c 

The leakage area depending on the crack length 2c is shown in 
Figure D 1-16. 
 

 

Figure D 1-16: Leakage area depending on crack length 2c 
for the considered austenitic piping with cir-
cumferential crack 

For the purpose of clarity only the individual results for the criti-
cal through-thickness crack length 2ckrit = 202.7 mm deter-
mined by the FSC/MPA method are given hereafter by means 
of formulas as example. 

a) σ = σp + σMb = 78 N/mm2 

Note: 

The consideration of the bending stress as membrane stress in 
the present example within the calculation procedure as per [55] 
is justified (see [65]). 

b) E‘ = E/(1-ν2) = 204.4 kN/mm2 

c) Leakage area for infinitely large plate:  
A0 = 24.54 mm2 as per equation B 3.1-1 

d) shell parameter: 
λ = 4.2 as per equation B 3.1-5 

e) buckling factor for circumferential crack: 
α(λ) = 1.75 as per equation B 3.1-4 

f) stress ratio: 
s = σ/σf = 78/(3 ⋅131) = 0.20 

g) plasticity correction factor: 
γ(s) = 1.03 as per equation B 3.1-7 

h) leakage area for circumferential crack: 

 A = α(λ) · γ(s) · A0 = 44.16 mm2 as per equation B 3.1-2  

(3) Leak rate calculation depending on crack length 2c 

a) It is assumed that the leakage area can be modelled by a 
rhombus, therefore, the leakage area circumference is: 

 U = {4 ⋅ A2/c2 + 16·c2}0.5 = 405 mm  

b) Hydraulic diameter: 

 Dh = 4 · A/U = 0.436 mm as per equation B 3.2-3 

c) Acc. to clause B 3.2.2.5 the following applies: 

 Dh/(2 · Rz) = 10.89, 

 thus the resistance factor results in 

 λ = 0.340 as per equation B 3.2-13 

d) Flow resistance: 

 ζ = ζEin + λ · s/Dh + ζAus = 12.19 as per equation B 3.2-2  

e) Mass flow density: 

 
( )[ ] ( )

ζ+

ρ⋅−⋅
=

1

TTpp2
G 0S0S0 = 0.031 kg⋅s-1⋅mm-2  

as per equation B 3.2-1 

f) Leak rate: 

 ṁLÜS = G · A = 1.39 kg/s ≥ 200 kg/h 

At a crack length 2cLÜS = 87 mm the leak rate of 200 kg/h de-
tectable by the leakage monitoring system is already attained, 
see Figure D 1-17: 
 

D 1.6 Step 6 to Figure A-3: Evaluation whether integrity is 
proved 

In D 1.3 the possible crack growth as well as possible crack 
lengths and crack depths have been determined. In D 1.4 the 
critical crack length has been determined. The following evalu-
ation shows that integrity has been proved: 

a) flaw length: 2ce = 27.06 mm < 2ckrit = 202.7 mm  

b) flaw depth: ae = 4.57 mm < azul = 11.25 mm  

Note: 

akrit has not been calculated here and will be greater than 0.75 ⋅ s 
acc. to the calculation in sub-clause  D 1.4.5 (7). 

 

D 1.7 Step 7 to Figure A-3: Evaluation whether leak-before-
break is proved 

In D 1.4 the critical crack length 2ckrit has been calculated. In D 
1.5 the detectable crack length 2cLÜS has been determined. 
The evaluation hereafter shows that leak-before-break behav-
iour has been proved: 

2cLÜS = 87 mm < 2ckrit = 202.7 mm 
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Figure D 1-17: Leak rate for the considered austenitic piping with circumferential crack in dependence of the crack length 2c  

 

 

 
D 2 Ferritic piping with circumferential crack 

D 2.1 Input data 

(1) Input data 

a) from the governing load case level D (for fracture mechan-
ics calculation) 

 

 Pressure: p = 15.8 MPa 

 Temperature:  T = 319 °C 

 Bending moment during opera-
tion: MEG+WD = 2400 kNm 

 Bending moment in case of 
damage: MEG+WD+SEB = 3737 kNm 

b) from load case combination start-up/shutdown (for crack 
growth calculation) 

 

 Max. pressure: pmax = 15.8 MPa 

 Min. pressure: pmin = 0.0 MPa 

 Max. temperature: Tmax = 319 °C 

 Min. temperature: Tmin = 20.0 °C 

 Max. bending moment 
(= MEG + MWD): 

Mmax = 2400 kNm 

 Min. bending moment: Mmin = 0 kNm 

(2) Geometry 
 

 External diameter: Da = 864.0 mm 

 Wall thickness: s = 52.0 mm (without 
cladding) 

(3) Material 
 

 Material designation: 20MnMoNi5-5 (1.6310) 

 Modulus of elasticity: E = 192 kN/mm2  
(bei 300 °C) 

 Poisson’s ratio: ν = 0.3 

 0.2% proof stress  
(at 350 °C as per KTA 3201.1): Rp0.2T = 363.0 N/mm2 

 Tensile strength (at 350 °C as 
per KTA 3201.1 by interpolation): RmT = 513.0 N/mm2 

 Equivalent stress intensity as per 
KTA 3201.2: Sm = 190.0 N/mm2 

 J-R curve as per Figure D 2-1 

Note: 
The transferability of the J-R curve to pipes with circumferential 
cracks under internal pressure and bending moment loading was 
proved in [72] for comparable pipes made of austenitic material. 
These results also apply to the highly ductile material 20MnMoNi5-
5 considered here. 
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Figure D 2-1: J-R curve for the considered ferritic piping with circumferential crack 

 
D 2.2 Step 1 to Figure A-3: determination of initial crack 

(1) Determination to equation A 2-1 and equation A 2-5: 
 aa = 0.1 ⋅ s = 5.2 mm (D 2.2-1) 

 2 ⋅ ca ≥ 6 ⋅ aa = 31.2 mm (D 2.2-2) 

 

D 2.3 Step 2 to Figure A-3: determination of crack develop-
ment ∆a and 2∆c 

(1) Determination of stress intensity factors K [73] 

 ( )[ ] QaGAGAAK 110P0 ⋅π⋅⋅+⋅+=  (D 2.3-1) 

with ( ) y
1.65 q2ca4.5931Q −⋅+=  (D 2.3-2) 

where 

a : calculated crack depth 

2c : calculated crack length   

G0, G1 : correction factors to ASME BPVC Section XI, App. A, 
Table A-3320-1 and Table A-3320-2, which differ de-
pending on the calculation of the stress intensity factor 
at point 1 (crack depth) or point 2 (crack length); G1 is 
not relevant if constant stress through the wall is as-
sumed 

A0, A1 : polynomial coefficients to describe the stress distribu-
tion through the wall to ASME BPVC Section XI, App. 
A, Article A-3200 (b); not relevant if constant stress 
through the wall is assumed 

Ap : internal pressure (for surface cracks at pipe inner wall, 
otherwise equal to zero) 

qy : plastic zone correction factor; = 0 acc. to ASME BPVC 
Section XI, Article A-5200 

(2) Determination of minimum (Kmin) and maximum (Kmax) 
stress intensity factor (determination for minimum and 
maximum loading) 

 Kmin,j = 0 (D 2.3-3) 

 Kmax,j = K (A0,max, Ap,max, G0,j, A1,max, G1,j, a, 2c) (D 2.3-4) 

 j = point 1 (crack depth) or at point 2 (crack length) 
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  (D 2.3-5) 

Assuming constant stress through the wall the following is ob-
tained for the initial crack in the example: 

 Kmin,P1 = 0 N/mm3/2,  

 Kmax,P1 = 703.5 N/mm3/2, 

 Kmin,P2 = 0 N/mm3/2 und  

 Kmax,P2 = 444.3 N/mm3/2 

Residual stresses have not been considered in the determina-
tion of stress intensity factors. 

(3) Calculation of stress intensity range 

 ∆Kj = Kmax,j - Kmin,j (D 2.3-6) 

At constant stress through the wall the following is obtained for 
the initial crack in the example: 

 ∆KP1 = 703.5 N/mm3/2 und ∆KP2 = 444.3 N/mm3/2 

(4) Determination of the ratio R: 

 R = 
max

min

K

K
 (D 2.3-7) 

At constant stress through the wall the following is obtained for 
the initial crack in the example: R = 0 

(5) Crack growth calculation to equation B 2.5-1 
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(6) Calculation of ∆a and ∆c per cycle for the example using 
the values for crack growth in water given in [49]): 

 S = 1  for P1 and P2 

 C1 = 2.13 ⋅10-6  for P1  

 m1 = 1.95 for P1 

 C2 = 1.48 ⋅10-11 for P2 

 m2 = 5.95 for P2 

 ∆a = 0.9025 ⋅10-3 mm (D 2.3-9) 

 ∆c = 0.1 ⋅10-3 mm (D 2.3-10) 

and from this the following is derived for the point in time after 
the first cycle 

new flaw depth: 

  a1Z = aa + ∆a = 5.2009 mm (D 2.3-11) 

new flaw length: 

 2c1Z = 2ca + ∆2c = 31.2002 mm (D 2.3-12) 

(7) For the period of operating time to follow, the flaw dimen-
sion calculated before is used as new initial value and the cal-
culation is restarted at point (1). 

This is repeated until reaching a given point in time or exceed-
ing a given crack growth (e.g. through-thickness crack, allowa-
ble crack depth of 75% of the wall thickness). 

Until the end of life (EOL = 40 years; 240 start-up/shutdown cy-
cles) the following values are obtained: 

flaw depth:  ae = 5.42 mm 

flaw length: 2ce = 31.25 mm 

 

D 2.4 Step 3 to Figure A-3: calculation of critical through-
thickness crack length 2ckrit 

D 2.4.1 Determination of the necessary input values to be 
calculated 

For the determination of stresses in the piping the load bearing 
capacity of the cladding will not be considered in the calculation 
of the critical through-thickness crack length (conservative). 

Axial stress due to internal pressure (primary stress) to equa-
tion B 2.1-14 with p =15.8 MPa: 

 σax,p = 54.03 N/mm2 (D 2.4-1) 

Elastic resistance moment of pipe to equation B 2.1-16: 

 Wpipe = 25411189.2 mm3 (D 2.4-2) 

Axial stress due to moment (bending stress) to equation B 2.1-
15 with M = 3737 kNm: 

 σax,M = 147.06 N/mm2 (D 2.4-3) 

D 2.4.2 Plastic limit load approach (PLL) 

(1) Flow stress to Table B 2.1-1 for the ferritic steel 1.6310: 

 σF,PLL = Rp0.2 = 363 N/mm2 (D 2.4-4) 

(2) The crack angle 2α of the though-thickness crack at which 
failure of the cracked pipe under the loadings mentioned before 
(equations D 2.4-1 and D 2.4-3) cannot be excluded, are calcu-
lated using equation B 2.1-13 in consideration of a through-
thickness crack with a/s = 1. 

A critical crack angle of 2α = 115.29° is obtained. Based on the 
mean diameter Dm this corresponds to a critical through-thick-
ness crack length 2ckrit,PLL = 816.9 mm. 

(3) The pertinent leak-before-break diagram for the plastic 
limit load approach is shown in Figure D 2-2. The critical crack 
depth akrit (2ce) for step 4 (acc. to Figure A-3) is given by  
akrit (2ce) = s (52 mm). 
 

D 2.4.3 Flow stress concept (FSC) 

D 2.4.3.1 Calculation according to MPA (FSC/MPA) 

(1) For base material areas the flow stress is obtained from 
Table B 2.1-1 for the ferritic steel 1.6310: 

 σF,FSC/MPA = Rm = 513 N/mm2 (D 2.4-5) 

(2) The crack angle 2α of the through-thickness crack at 
which failure of the cracked pipe under the loadings mentioned 
before (internal pressure 15.8 MPa and bending moment 
M = 3737 kNm) cannot be excluded, is given by solving equa-
tion B 2.1-17. A critical crack angle of 2α = 98.81° is obtained. 
Based on the mean diameter Dm this corresponds to a critical 
through-thickness crack length 2ckrit FSC/MPA = 700.2 mm. 

(3) The pertinent leak-before-break diagram for the FSC/MPA 
method is shown in Figure D 2-3. The critical crack depth akrit 
(2ce) for step 4 (acc. to Figure A-3) is given by  
akrit (2ce) = s = 52 mm. 
 

D 2.4.3.2 Calculation according to Siemens-KWU (now 
AREVA) (FSC/KWU) 

(1) Flow stress to Table B 2.1-1 for the ferritic steel 1.6310: 

 σF,FSC/KWU = Rm = 513 N/mm2 (D 2.4-6) 

(2) The crack angle 2α of the through-thickness crack at 
which failure of the cracked pipe under the loadings mentioned 
before (equations D 2.4-1 and D 2.4-3) cannot be excluded, is 
given by solving equations B 2.1-19 and B 2.1-21. For a 
through-thickness crack the stress intensification factors for 
point B (a/s = 1) given by equations B 2.1-22 and B 2.1-23 are 
considered. A critical crack angle of 2α = 98.16° is obtained. 
Based on the mean diameter Dm this corresponds to a critical 
through-thickness crack length 2ckrit,FSC/KWU = 695.6 mm. 

(3) The pertinent leak-before-break diagram for the 
FSC/KWU method is shown in Figure D 2-4. The critical crack 
depth akrit (2ce) for step 4 (acc. to Figure A-3) is given by akrit 
(2ce) = s (52 mm). 
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Bild D 2-2: Leak-before-break diagram – plastic limit load approach (PLL) 

 

 

Bild D 2-3: Leak-before-break diagram – FSC / MPA 
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Bild D 2-4: Leak-before-break diagram – FSC / KWU 

 

 
D 2.4.4 J‐Integral/Tearing modulus procedure 

D 2.4.4.1 Stress-strain curve 

For the example the stress-strain curve was taken with the fol-
lowing Ramberg-Osgood parameters: 
 

E 192000 MPa 

α 10  

Rp0.2 363 MPa 

n 4.5  
 

D 2.4.4.2 Analytical procedure 

(1) Bending only 

a) Stable crack growth in the structure in crack length orienta-
tion of ∆cmax = 3.2 mm occurs for a through-thickness crack 
with a length between 2 ⋅ 360 mm and 2 ⋅ 370 mm (2c3.2mm 
between 720 mm and 740 mm, based on external diame-
ter). At a stable crack growth in the structure of ∆cmax = 3.2 
mm no instability will occur in crack length orientation. 

b) The total angle lies between 95.4° (for 720 mm) and 98° (for 
740 mm). 

See Figures D 2-5 and D 2-6. 

(2) Internal pressure only: 

a) Stable crack growth in the structure in crack length orienta-
tion of ∆cmax = 3.2 mm occurs for a through-thickness crack 
with a length between 2 ⋅ 560 mm and 2 ⋅ 570 mm (2c3.2mm 

between 1120 mm and 1140 mm, based on external diam-
eter). At a stable crack growth in the structure of ∆cmax = 
3.2 mm no instability will occur in crack length orientation. 

b) The total angle lies between 148° (for 1120 mm) and 151° 
(for 1140 mm). 

See Figures D 2-7 and D 2-8. 

c) with bending stresses = bending stress due to moment + 
axial stresses due to internal pressure stable crack growth 
will occur in the structure in crack length orientation of 
∆cmax = 3.2 between 2 . 230 mm and 2 . 240 mm (based on 
external diameter). 

d) The total angle lies between 61° (460 mm) and 63.6° 
(480 mm), see Figure D 2-9. 

(3) Critical through-thickness crack length  

For the calculation of the critical crack size a maximum stable 
crack growth in the structure of ∆cmax = 3.2 mm in crack length 
orientation is considered. 

Upon interpolation, the following critical through-thickness 
crack length is obtained: 

 2ckrit = 432 mm (based on mean radius) 

 Angle = 61°. 

Note: 

Due to the limitation of the J-R curve to ∆cmax in the structure in 

crack length orientation no instability is yet obtained at 2ckrit. 
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crack size : one half the crack length 

Figure D 2-5: J-integral analysis for bending 

 

 

Figure D 2-6: Instability analysis for bending 

 

Figure D 2-7: J-integral analysis for internal pressure 
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Figure D 2-8: Instability analysis for internal pressure   

 

Figure D 2-9: Instability analysis for bending + internal pressure 

D 2.4.4.3 Finite element analysis 

(1) The analysis is made using an FE model analogously to 
clause D 1.4.4.3. 

(2) The stresses occurring (acc. to von Mises) are shown in 
Figure D 2-10. 
 

 

Figure D 2-10: Distribution of stresses 

(3) The J-integral has been evaluated under the same loading 
for several crack angles along the crack front (average values 
over the wall thickness) (see Figure D 2-11). The results are 
shown in Table D 2-1. 
 

Crack angle 
in degrees 

Flaw length 1)  
in mm 

J-Integral  
in N/mm 

80 566.9 364 

90 637.7 480 

100 708.6 652 

120 850.3 1309 

1) Flaw length based on : mean radius 

Table D 2-1: J-Integral depending on crack angle 

(4) For the calculation of the critical crack size a maximum 
stable crack growth in the structure of ∆cmax = 3.2 mm in crack 
length orientation is considered. 

This leads to the following critical through-thickness crack 
length: 

 2ckrit = 713 mm (based on mean radius) 

 Angle = 100.6°. 

Note: 

Due to the limitation of the J-R curve to ∆cmax in the structure in 
crack length orientation no instability is yet obtained at 2ckrit. 
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Figure D 2-11: Progression of J-integral and J-R curve 

 
D 2.4.5 Two-criteria method 

(1) The calculation in this example are made to [32] for point A 
acc. to Figure D 1-12 with and without consideration of welding 
residual stresses. 

Note: 
The calculation for point A leads to higher crack loadings compared 
to point B and thus is conservative for this example. 

(2) The determination of secondary stresses to Table R5 in 
connection with Table R1 in [32] results in a non-linear course 
across the wall thickness, see Figure D 2-12: 

 σS = 0.4246 ⋅ Rp0,2T ⋅ [1 + 3.8116 (x ⋅ s-1)  

 – 99.82 ⋅ (x ⋅ s-1)2 + 339.97 (x ⋅ s-1)3 – 404.59 ⋅ (x ⋅ s-1)4  
 + 158.16 ⋅ (x ⋅ s-1)5] 
  (D 2.4-7) 

 

Figure D 2-12: Course of residual stresses across the wall 
thickness 

(3) The critical through-thickness crack length 2ckrit and the 
critical crack depth akrit of the surface crack shall be determined 
using the J-R curves of Figure D 2-1. 

(4) The “Failure Assessment Curve” (FAC) is calculated acc. 
to the following relationship: 

 Kr ≤ fR6 = (1 - 0.14 ⋅ Lr
2) ⋅ [0.3 + 0,7exp(-0.65 ⋅ Lr

6)] 

  (D 2.4-8) 

 Lr ≤ Lr
max = 2.0p

f

R

σ

 for materials without Lüders plateau 

  (D 2.4-9) 
Note: 
The material 20MnMoNi5-5 does not show a Lüders plateau at 
the temperature used in the assessment. 

 σf = 2.4 ⋅ Sm (D 2.4-10) 

(5) Kr is calculated for point A using the tabulated shape func-
tions for KI to Appendix K3.5. 

(6) The calculation of Lr does not depend on the considered 
evaluation point and is performed according to Appendix L3.5. 

(7) Determination of the critical crack depth akrit 

 akrit > 0.75 ⋅ s = 39 mm, see Figure D 2-13. 

 azul = 0.75 ⋅ s = 39 mm. 

Note: 
Since (a, 2c ) = (0.75 ⋅ s, 2ce) is outside the range of application 
of the K solutions, a conservative calculation with a/2c = 1/6 = 
constant was made. 

 

Figure D 2-13: Determination of allowable crack depth 

(8) Determination of the critical through-thickness crack length 
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Due to the limitation of the J-R curve to ∆amax no instability is yet 
obtained at 2ckrit. 

a) The critical through-thickness crack length without consid-
eration of residual stresses results in 2ckrit = 627 mm, see 
Figure D 2-14. 

 

 

Figure D 2-14: Determination of critical crack length without 
consideration of residual stresses 

 

b) The critical through-thickness crack length with considera-
tion of residual stresses results in 2ckrit = 607 mm, see Fig-
ure D 2-15. 

 

 

Figure D 2-15: Determination of critical crack length with con-
sideration of residual stresses 

 
D 2.5 Step 5 to Figure A-3: calculation of the detectable 

through-thickness crack length 2cLÜS 

(1) Input values from D 2.1 and the following additional data: 

a) crack surface roughness: RZ = 10.0 µm 

b) flow inlet loss: ζEin = 0.5 

c) flow outlet loss: ζAus = 0.0 

d) flow channel length: s = 57 mm (= wall thickness 
incl. 5 mm cladding) 

e) fluid density: ρS = 669.7 kg/m3 
(saturation value to [74]) 

f) saturation pressure: p0 = 11.13 MPa 
(at T0 = 319 °C to [74]) 

g) detectable leak rate: ṁLÜS = 200 kg/h 

(2) Leakage area calculation depending on crack length 2c 

The leakage area depending on the crack length 2c is shown in 
Figure D 2-16. 

 

Figure D 2-16: Leakage area depending on crack length 2c 
for the considered ferriitic piping with circum-
ferential crack 

For the purpose of clarity only the individual results for the criti-
cal through-thickness crack length 2ckrit = 695.6 mm deter-
mined by the FSC/KWU method are given hereafter by means 
of formulas as example. 

a) σ = σp + σMb = 136.0 N/mm2 

Note: 

The consideration of the bending stress as membrane stress in 
the present example within the calculation procedure as per [55] 
is justified (see [65]). 

b) E‘ = E/(1-ν2) = 211.0 kN/mm2 

c) Leakage area for infinitely large plate:  
A0 = 489.9 mm2 as per equation B 3.1-1 

d) shell parameter: 
λ = 4.2 as per equation B 3.1-5 

e) buckling factor for circumferential crack: 
α(λ) = 1.74 as per equation B 3.1-4 

f) stress ratio: 
s = σ/σf = 136.0/[0.5 ⋅ (363+513)] = 0.31 

g) plasticity correction factor: 
γ(s) = 1.07 as per equation B 3.1-7 

h) leakage area for circumferential crack: 
A = α(λ) · γ(s) · A0 = 916 mm2 as per equation B 3.1-2.  

(3) Leak rate calculation depending on crack length 2c 

a) It is assumed that the leakage area can be modelled by a 
rhombus, therefore, the leakage area circumference is: 

 U = {4 ⋅ A2/c2 + 16·c2}0.5 = 1390 mm  

b) Hydraulic diameter: 

 Dh = 4·A/U = 2.63 mm as per equation B 3.2-3 

c) Acc. to clause B 3.2.2.5 the following applies: 

 Dh/(2·Rz) = 131.7, 

 thus the resistance factor results in 

 λ = 0.095 as per equation B 3.2-13 

d) Flow resistance: 

 ζ = ζEin + λ·s/Dh + ζAus = 2.55 as per equation B 3.2-2  

e) Mass flow density: 
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( )[ ] ( )

ζ+

ρ⋅−⋅
=

1

TTpp2
G 0S0S0  = 0.042 kg⋅s-1⋅mm-2  

as per equation B 3.2-1 

f) Leak rate: 

 ṁLÜS = G · A = 38.43 kg/s ≥ 200 kg/h 

At a crack length 2cLÜS = 83 mm the leak rate of 200 kg/h de-
tectable by the leakage monitoring system is already attained, 
see Figure D 2-17: 
 

D 2.6 Step 6 to Figure A-3: Evaluation whether integrity is 
proved 

In D 2.3 the possible crack growth as well as possible crack 
lengths and crack depths have been determined. In D 2.4 the 
critical crack length has been determined. The following evalu-
ation shows that integrity has been proved: 

a) flaw length: 2ce = 31.25 mm < 2ckrit = 695 mm  

b) flaw depth: ae = 5.42 mm < 0.75 · s = 39 mm  
Note:  

akrit has not been calculated here and will be greater than 0.75 ⋅ s 

acc. to the calculation in sub-clause D 2.4.5 (7). 

 

D 2.7 Step 7 to Figure A-3: Evaluation whether leak-before-
break is proved 

In D 2.4 the critical crack length 2ckrit has been calculated. In D 
2.5 the detectable crack length 2cLÜS has been determined. 
The evaluation hereafter shows that leak-before-break behav-
iour has been proved: 

2cLÜS = 83 mm < 2ckrit = 695 mm 

 

 

Figure D 2-17: Leak rate for the considered ferritic piping with circumferential crack 
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Annex E 

Regulations and literature referred to in this safety standard 

(The references exclusively refer to the version given in this annex. Quotations of regulations referred to therein refer to the ver-
sion available when the individual reference below was established or issued.) 

 

 
Atomic Energy Act (AtG)  Act on the Peaceful Utilization of Atomic Energy and the Protection against its Hazards 

(Atomic Energy Act) of December 23, 1959  (BGbl. I, p. 814) as Amended and Promul-
gated on July 15, 1985 (BGBl. I, p. 1565), last Amendment by article 5 of the Law dated 
28th August 2013 (BGBl. I p. 3313) 

StrlSchV  Ordinance on the Protection against Damage and Injuries Caused by Ionizing Radiation 
(Radiation Protection Ordinance) dated 20th July 2001 (BGBl. I p. 1714; 2002 I p. 1459), 
at last amended by article 5 para. 7 of the Law dated 24th February 2012 (BGBl. I p. 212) 

SiAnf            Safety Requirements for Nuclear Power Plants (SiAnf) of November 22, 2012 (BAnz. of 
January 24th, 2013) 

Interpretations on the SiAnf Interpretations on the Safety Requirements for Nuclear Power Plants of November 29th 
2013 (BAnz. of December 10th, 2013) 

KTA 1401 (2013-11) General Requirements Regarding Quality Assurance 

KTA 1403 (2010-11) Ageing Management in Nuclear Power Plants 

KTA 3201.1 (1998-06) Components of the Reactor Coolant Pressure Boundary of Light Water Reactors;  
Part 1: Materials and Product Forms 

KTA 3201.2 (2013-11) Components of the Reactor Coolant Pressure Boundary of Light Water Reactors; 
Part 2: Design and Analysis 

KTA 3201.3 (2007-11) Components of the Reactor Coolant Pressure Boundary of Light Water Reactors;  
Part 3: Manufacture 

KTA 3201.4 (2010-11) Components of the Reactor Coolant Pressure Boundary of Light Water Reactors; 
Part 4: Inservice Inspections and Operational Monitoring 

KTA 3203 (2001-06) Surveillance of the Irradiation Behaviour of Reactor Pressure Vessel Materials of LWR 
Facilities 

KTA 3211.1 (2000-06) Pressure and Activity Retaining Components of Systems Outside the Primary Circuit; 
Part 1: Materials 

KTA 3211.2 (2013-11) Pressure and Activity Retaining Components of Systems Outside the Primary Circuit; 
Part 2: Design and Analysis 

KTA 3211.3 (2012-11) Pressure and Activity Retaining Components of Systems Outside the Primary Circuit; 
Part 3: Manufacture 

KTA 3211.4 (2013-11) Pressure and Activity Retaining Components of Systems Outside the Primary Circuit; 
Part 4: Inservice Inspections and Operational Monitoring 

DIN EN ISO 6892-1 (2009-12) Metallic materials - Tensile testing - Part 1: Method of test at room temperature (ISO 
6892-1:2009); German version EN ISO 6892-1:2009 

DIN EN ISO 6892-2 (2011-05) Metallic materials - Tensile testing - Part 2: Method of test at elevated temperature (ISO 
6892-2:2011); German version EN ISO 6892-2:2011 

ISO 12135 (2002-12) Metallic materials - Unified method of test for the determination of quasistatic fracture 
toughness (Technical Corrigendum 2008-06) 

ASME BPVC Section XI ASME Boiler & Pressure Vessel Code, Section XI, Rules for the Inspection of Nuclear 
Power Plant Components, The American Society of Mechanical Engineers, New York, 
2010 

NUREG/CR-6176  W.J. Shack, T.F. Kassner, Review of Environmental Effects of Fatigue Crack Growth of 
Austenitic Stainless Steels, NUREG/CR-6176, May 1994 

US NRC Reg.-Guide 1.161 Evaluation of Reactor Pressure Vessels with Charpy Upper-Shelf Energy Less Than 50 
Ft-Lb, U.S. Nuclear Regulatory Commission, June 1995 

ASTM-E 1820-11 (2011) Standard Test Method for Measurement of Fracture Toughness 
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