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Foreword

The Cooperation in Reactor Design Evaluation and Licensing (CORDEL)
Working Group was established in 2007 to promote the development of a
worldwide regulatory environment where internationally standardized reactor
designs can be widely deployed without major design changes due to national
regulations. The Mechanical Codes and Standards Task Force (MCSTF) of the
CORDEL Working Group was set up in 2011 to collaborate with the Standards
Development Organizations Board (SDO Board) and the Multinational Design
Evaluation Program (MDEP) Codes and Standards Working Group (CSWG)
on the international convergence of mechanical codes and standards related
to the design of nuclear power plant components important to safety. It has
worked to date principally in three areas: qualification of non-destructive
examination (NDE) personnel; non-linear analysis design rules; fatigue analysis
and design rules.

In the area of fatigue analysis and design rules, the topics identified by the
MCSTF for investigation with a view to harmonized approaches are: differences
in nuclear mechanical design codes; pressure vessel and piping fatigue design
approach; fatigue crack growth analysis; and environmental effects on fatigue.

This report, the first of four, reviews and compares the current code and

standard requirements of major nuclear design codes in the area of fatigue
analysis and design rules based on the S-N approach against ASME Il NB.
The report focuses on Class 1 vessels of Light Water Reactor (LWR) plants.

The main findings of this report can be summarised as follows:

* The nuclear design codes and standards analysed are equivalent to ASME
[II'NB in most areas.

* The requirements of RCC-M are either the same as - or equivalent to -
ASME Il NB except in the definition of the fatigue curve, the plasticity
correction (K,) factor, and the method for assessing local structural
discontinuities.

* The requirements of KEPIC MN MNB are the same as those of ASME Il NB
in all areas.

* The requirements of the JSME S NC1 are either the same as - or equivalent
to - ASME Il NB, except in the definition of the fatigue curve, the plasticity
correction (K,) factor, and the fatigue strength reduction factor (FSRF).
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Introduction

The CORDEL Mechanical Codes and
Standards Task Force (MCSTF) has
identified fatigue analysis as an area
where important differences exist
between the major design codes and
standards [1], which is impacting
nuclear power plant designs.

In line with its mission of promoting
the convergence of requirements,
MCSTF has initiated a project in the
fatigue analysis area to systematically
compare the current methodologies
used in major nuclear design codes
and standards, identify the best
practices and R&D approaches and
propose common methods.

As part of this project, four reports/
outputs are proposed:

* Report 1: Comparison of Pressure
Vessel Fatigue Codified Design
Rules Based on S-N (cyclic stress
versus cycles to failure) Approach

* Report 2: Proposed Common/
Harmonized Pressure Vessel and
Piping Fatigue Design Rules

* Report 3: Proposed Common/
Harmonized Fatigue Crack Growth
Analysis

* Report 4: Proposed Common/
Harmonized Environmental Effects
on Fatigue and Fatigue Crack
Growth Analysis

This first report reviews and
compares the current code and
standard requirements of major
nuclear design codes in the area of
fatigue analysis and design rules
based on the S-N approach. It
focuses on Class 1 vessels of Light
Water Reactor (LWR) plants.

Scope of Review and

Comparison

The comparison undertaken in

this report focuses on the codes
and standards for Class 1 vessel
components of the following major
nuclear codes: ASME BPVC Section
lINB [2]; AFCEN RCC-M [3]; JSME
[4]; and KEPIC [5].



Comparison
Methodology

3.1 General

As observed in a previous
international comparison report
[1], JSSME, KEPIC, and AFCEN
codes were originally developed
based on ASME BPVC Section Ill.
Consequently, the ASME BPVC
was used as the baseline and the
requirements of the codes and
standards included in the scope
of work were compared with the
corresponding ones from the ASME
BPVC Section IIl.

Based on these, a high-level
comparison structure was developed,
as shown in Table 3-1. For each
standard listed in this table (right-
hand side column), a line-by-line
comparison with the requirements

of the corresponding sections of the
ASME BPVC was carried out, where
possible. When specific requirements
in the codes and standards included
in the scope of work referenced

other codes or standards (e.g.

ASTM or ISO standards for material
specification or mechanical testing
methods), the referenced standard

is noted but the comparison did not
extend to the detailed requirements
of the reference standards, unless
these could be readily compared.

Table 3-1: Schematic representation of code comparison for fatigue life analysis of
nuclear mechanical design codes applicable to low-temperature facilities (BWRs/PWRs)

Baseline code (ASME BPVC) Codes to be compared
Section IlI, Division 1, RCC-M JSME KEPIC
Subsection NB B S-NC-1 MNB

The corresponding requirements
were then evaluated according to
the comparison scale described in
Section 3.2.



3.2 Comparison Scale

The comparison scale used in this
report and in the appendices is
described below. This is based on the
scale used for the MDEP comparison
project, which was modified to
address more specifically the cases
in which significant differences
between codes or standards
requirements were identified.

A1 = Same

Requirements classified as category
A1 are considered to be technically
identical. Requirements are classified
as category A1 and considered

to be the same even if there are
inconsequential differences in
wording, such as might result due
to translation from one language

to another, as long as the wording
does not change the meaning or
interpretation of the requirement.
Likewise, differences in paragraph
numbering are not considered when
classifying requirements as long as
the same requirement exists in both
codes being compared.

A2 = Equivalent

Requirements are considered to be
equivalent when applying either code
or standard, if compliance with the
applied code or standard will also
meet the requirements of the other
code or standard. Equivalence is

not affected by differences in level of
precision of unit conversions

B1 = Different — Not Specified

Requirements are considered to be
different — not specified, if one code
or standard includes requirements
that the compared code or standard
does not specify. This classification
may result because of differences

in the scope of equipment covered
by a respective code, the scope

of industrial practices applied in

the context of the respective code,
differences in regulatory requirements
applicable in conjunction with
application of a particular code, or
simply as a result of differences in
requirements addressed in one code
versus those in another.

B2 = Technically Different

Requirements are considered to be
technically different if either code
requires something more or less
than, or otherwise technically different
from, the requirements imposed by
the other. These differences might be
due to different technical approaches
applied by a code or imposition of
regulatory requirements within the
country from which a code originates.



Comparison

4.1 Highlights of the
Various Codes

4.1.1 ASME Section Il NB

ASME Section Il NB covers the
requirements, methods and
procedures for fatigue assessment
of Class 1 pressure retaining
components (pressure vessel and
piping, valve bodies) subject to
cyclic loads under temperatures
up to the limits above which creep
effects must be considered. Table
4-1 summarises the major items
relevant to fatigue assessment
required by Section Il NB.

The relevant descriptions of fatigue
assessments are dispersed through
the whole Section Il NB and Section
Il Appendices, Mandatory Appendix
[, but Appendix XIlI-3500 is the main
place where a variety of fatigue
assessment aspects are discussed.

Appendix XlII-3510 stipulates six
conditions which must all be met
by the specified service loading of
a component for which a fatigue
analysis is not required. The six
loading conditions cover:

* Atmospheric to service pressure
cycle;

* Normal service pressure
fluctuation;

» Temperature difference — startup
and shutdown;

* Temperature difference — normal
service;

* Temperature difference —
dissimilar materials;

* Mechanical loads.

The procedure for analysis for cyclic
loading is detailed in Appendix XIlI-
3520, which covers six aspects:

« Stress differences;
* Local structural discontinuities;
e Crack-like defects;

» Design fatigue curves;
* Effect of elastic modulus;
* Cumulative damage.

The procedure of Appendix XlII-3520
is stress-based (associated artificially
to strain amplitude), with alternating
stress intensity calculated according
to the Tresca theory of failure and on
the assumption of elastic behaviour
(Appendix XlII-3500 (c)). To account
for the potential enhancement of
strain range not captured in the
elastic analysis, a plasticity correction
factor, K., is used to correct the
alternating stress in the low-cycle
regime to ensure conservatism. This
is the objective of Simplified Elastic-
Plastic Analysis described in ASME

Il Appendix XIII-3450, which provides
separate expressions for calculation
of K, for carbon steels, low-alloy
steels, and austenitic stainless steels/
nickel-chromium-iron alloys. K, varies
as a function of the primary plus
secondary stress intensity range, S,,,
and applies when S, exceeds the
3S,, limit, which is indicative of gross
section plastic cycling. Figure 8-1
(Appendix C) shows the Appendix
XIlI-3450 K, vs S,/S,, plasticity
correction curves for each material
class. The maximum possible Ke
penalty is 5 for carbon and low-

alloy steels, and 3.38 for austenitic
stainless steels and nickel-chromium-
iron alloys. Whilst straightforward

to apply, the ASME Il Appendix
XII-3450 Ke is widely acknowledged
as excessively conservative, and

this is supported by results obtained
from elastic-plastic finite element (FE)
analysis (Figure 8-10, Appendix C) of
typical thermal transients.

ASME Il Appendix XIII-2500 also
details how a different value of
Poisson’s ratio should be used in
cases where the maximum stress
range exceeds the yield strength
of the material. This correction
is used to account for surface



plasticity effects due to the change
in Poisson’s ratio assuming plastic
incompressibility and a biaxial

state of stress. The Poisson'’s ratio
correction applies only to the local
thermal stress range, and the
magnitude of the correction varies
according to the number of design
cycles of the component. For low-
cycle fatigue, the modified Poisson’s
ratio approaches 0.5, and for a high
number of cycles it approaches its
elastic value of 0.3. Appendix XIlI-
3450 and Appendix XIlI-2500 are
mutually exclusive — if K, is invoked,
then the Poisson’s ratio correction is
not required.

The effect of a local structural
discontinuity (e.g. notches and
welds) on fatigue strength is
accounted for by a fatigue strength
reduction factor (FSRF), defined by
Appendix XIII-1300 (g). The FSRF
varies with the level of severity of
local structural discontinuity, though
is generally less than 5 (per Appendix
Xll1-3520 (b)). NB-3352.2 indicates,
for instance, that for welded joints of
Category B, a FSRF of no less than

2 should be used in an Appendix
XII-3500 fatigue assessment. ASME
Il therefore does provide some
guidance on the minimum FSRF
required for specific geometries.
Otherwise, the appropriate FSRF may
be obtained from the component
design specification or derived based
on analyst engineering judgement.

The design fatigue curves presented
in Mandatory Appendix | were
obtained from strain-controlled
fatigue tests as strain amplitude vs
life curves which were subsequently
adjusted using design factors and
formally converted to pseudo-

stress amplitude vs. life curves by
multiplying the applied elastic-plastic
strains by a reference modulus of
elasticity, E,, which is representative
of the elastic behaviour of that
material. The value of E, is essentially

arbitrary, and is only relevant as far
as it facilitates the transformation

of strains to generate the pseudo-
stress-based fatigue curves. Any

E. value could be chosen so long

as the pseudo-stress amplitude
values are adjusted to be consistent
with the actual values of strain
amplitude applied during testing.
The design fatigue curves for carbon
and low-alloy steels, and austenitic
stainless steels/nickel-based alloys
are specified in Figures -9.1-M

and 1-9.2M of ASME Section Ill,
Appendix |, respectively. These are
shown in Figure 7-1 (Appendix B).
Two separate curves are specified

in Figure 1-9.1M for carbon and
low-alloy steels, which correspond
to different ranges of ultimate tensile
strength of the material. Interpolation
is permitted between curves where
the strength level falls between these
two ranges (Appendix XIlI-3520 (c)).
When determining the permissible
number of cycles at an alternating
stress level that falls between tabular
values, Appendix | permits the use of
logarithmic interpolation.

The procedures of ASME |lI
Subsection NB summarised above
are intended for application to fatigue
design below the creep regime. They
are limited to use at temperatures of
370°C and below for ferritic materials,
and 425°C and below for austenitic
materials. For design above these
temperatures (i.e. where creep
effects may be significant), the
elevated temperature service rules
outlined in ASME Section llI, Division
5 [6] are applicable. These rules are
beyond the scope of this report.

4.1.2 RCC-M

RCC-M, paragraph B 3200 covers
the requirements applicable to the
analysis of the behaviour of Class

1 pressure-retaining components.
The requirements pertinent to Level
A Service Loadings requiring fatigue

analysis are detailed in paragraph B
3234. The design fatigue curves for
the different classes of materials are
specified in Annex ZI 4.0.

For locations excluding local
discontinuities, assurance against
fatigue initiation is achieved by
satisfying the requirements of B
3234.5, which provides a systematic
procedure for the analysis of fatigue
at a point using elastic stress analysis
with corrections to account for
plasticity. The procedure has its roots
heavily based on ASME IlI, though
there has been some divergence
since its inception.

Most notably, B 3234.6 includes
separate expressions for
determination of mechanical

(Kgmeeh) and thermal (K,") plasticity
correction factors applicable to
austenitic stainless steels and
nickel-chromium-iron alloys.

K. is equivalent to the ASME Il
Appendix XII-3450 K,. K,m" and
K. are applied respectively to the
mechanical and thermal contributions
to the overall stress range. This is
different to ASME Il Appendix XIII-
3450, which does not distinguish
between mechanical and thermal
stresses when applying K.. Figure 8-5
(Appendix C) shows the comparison
between the RCC-M K, ™" and
RCC-M K, plasticity correction
curves vs S./S,,. The RCC-M K, "ef

is considerably less conservative
than the ASME 1ll Appendix XIlI-
3450 K, for the case of high thermal
stress. RCC-M B 3234.6 also does
not explicitly differentiate between
sectional and surface plasticity, and
does not prescribe any separate
Poisson’s ratio correction similar

to ASME Il Appendix XIII-2500.
However, since K" is applicable
beyond a much lower threshold of S,
>0.51S,, it achieves the purpose of
also accounting for surface plasticity
effects where S, < 3S,,.. Both of
these observations are confirmed



from the results of elastic-plastic FE
analysis (Figure 8-10 in Appendix C),
which shows the RCC-M K, to be
conservative by a factor of 1.2x to
1.4x, with the highest conservatism
observed for S, < 3S,,,. It is concluded
that RCC-M and ASME Il NB show a
significant difference in methodology
for treatment of cyclic plasticity
effects in austenitic stainless steels
and nickel-chromium-iron alloys.

RCC-M B adopts a novel assessment
procedure based on the theory of
critical distances for assessing local
structural discontinuities. However,

it does permit the application of
experimentally determined FSRFs

in B 3234.5 as an alternative, so
long as appropriate justification is
provided. For the assessment of
local discontinuities, acceptable
alternative rules are provided in
RCC-M Annex ZD to be applied in
lieu of B3234.5. In the procedure of
Annex ZD 2000, local discontinuities
are treated as crack-like defects,
and the severity of fatigue damage
is dictated by the elastic stress
range calculated at a small (critical)
distance from the fictitious crack-tip.
To determine the number of allowable
cycles, Annex ZD 2300 provides

a set of experimentally derived
initiation curves for low-alloy steels
(16MND5), stainless steels, and
nickel-chromiume-iron alloys (Figure
7-5 in Appendix B). Alternatively, the
applicable design fatigue curves of
Annex ZI 4.0 may be used, where
the local strain amplitude for entering
the fatigue curve is estimated

by Neuber’s rule. The RCC-M
approach for analysing fatigue at
local discontinuities is fundamentally
different to ASME Il NB.

Concerning the design fatigue curves
of Annex ZI 4.0, there are some
notable differences in comparison to
ASME Ill, Mandatory Appendix |. Figure
7-2 (Appendix B) shows the Annex ZI
4.0 design fatigue curves for carbon

and low-alloy steels (RCC-M Figure

ZI 4.1) and austenitic stainless steels
(Figure Z1 4.2), presented in terms of
strain amplitude vs permissible cycles.
The clearest difference is that Annex
Z1 4.0 curves are only defined in the
range of 10'-10° cycles, whereas the
ASME Ill curves are extended in the
high-cycle regime up to 10" cycles. As
shown by Figure 7-3 (Appendix B), the
Figure ZI 4.1 fatigue curves for carbon
and low-alloy steels are very similar

to the Figure 1-9.1M curves defined in
ASME Il, albeit with a small difference
in the range of ultimate tensile strength
of the material to which the curves
apply. On the other hand, Figure 7-4
(Appendix B) shows that the Figure ZI
4.2 fatigue curve for austenitic stainless
steels and nickel-based alloys is quite
different to its ASME Il counterpart
prescribed in Figure 1-9.2M. In the very
low-cycle regime (approximately <300
cycles), the Figure ZI 4.2 fatigue curve
is more conservative. However, both
curves cross at around 300 cycles,
beyond which the Figure 1-9.2M
fatigue curve becomes increasingly
conservative relative to the Figure

Z1 4.2 fatigue curve. RCC-M Annex

Z1 4.0 also specifies the use of
logarithmic interpolation to determine
the permissible number of cycles at
intermediate stress levels, which is

the same as ASME |ll, Mandatory
Appendix .

4.1.3 JSSME

The Japan Society of Mechanical
Engineers (JSME) Rules on Design
and Construction for Nuclear Power
Plants (Division I, Light Water Reactor
Structural Design Standard, JSME
S-NC-1), contains provisions for
fatigue analysis of Class 1 pressure-
retaining components in PVB-

3000. Overall, the fatigue analysis
requirements of JSME are generally
similar to ASME Il NB, though a
number of notable differences exist,
especially concerning the K, factor.

The JSME K, factor specified in
PVB-3315 was originally developed
by the Thermal and Nuclear Power
Engineering Society (TENPES) in
Japan. It has a different technical
basis and is more mathematically
complex than ASME Il NB. The JSME
K, factor is based on the elastic
follow-up concept, and was derived
based on the results obtained from
a series of FE analyses conducted
on representative plant structures
using elastic-perfectly-plastic (EPP)
material properties. The JSME K, is
calculated from a series of formulae,
which describe different curve-fits
(Kepo @nd K,') that vary depending
on the loading condition. Figure 8-6,
Figure 8-7, and Figure 8-8 (Appendix
C) show the comparison between
the JSME PVB-3315.1 and ASME

Il Appendix XIII-3450 K, vs. S,/

S, plasticity correction curves for
carbon steel, low-alloy steel, and
austenitic stainless steel, respectively.
It is observed that the JSME K, is
generally less conservative, with

the exception of the discontinuity
induced at S,=3S,,. For cases of peak
stress concentration (e.g. notches,
high local thermal stresses, etc.) at,
or slightly above, the 3S,, limit, the
JSME K, is more conservative. The
JSME K, was originally developed
with this situation in mind, where

the ASME Il Appendix XI1I-3450 K,
has previously been found to be

not fully conservative. Based on the
results of elastic-plastic FE analysis
(Figure 8-10, Appendix C), the JSME
K, was found to be conservative

by a factor of 1.2x to 1.7x for S,

> 3S,,; interestingly, the degree

of conservatism increases with
increasing S./S,,.

The JSME Code also includes a
Code Case entitled “NC-CC-005:
Alternative Structural Evaluation
Criteria for Class 1 Vessels

Based on Elastic-Plastic Finite
Element Analysis”, which includes
expressions for an alternative



plasticity correction factor, denoted
K.”. K,” varies as a function of the
total stress range, Sp, and elastic
follow-up factor, g, and can be
applied directly on the surface

of a component without stress
linearization. Figure 8-9 (Appendix
C) shows the NC-CC-005 K," vs.
S,/S,, plasticity correction curve. By
the default approach, the value of

d, is set so as to bound the results
obtained for all FE models used

in deriving K,'. It is therefore more
conservative than K," and can still
apply for S, < 3S,.. As shown from
the results obtained from elastic-
plastic FE analysis (Figure 8-10),

K. is about 1.3x to 1.5x more
conservative than K.', but is still less
conservative than ASME Il Appendix
XlI1-3450. NC-CC-005 recommends
that g, be determined from the actual
K, determined by elastic-plastic
analysis, so as to enable derivation
of more accurate K,” expressions
for different structures. The K,
methodology of JSME PVB-3315 and
NC-CC-005 are therefore concluded
to be fundamentally different to
ASME Il NB.

4.1.4 KEPIC

South Korean fatigue requirements
are specified in KEPIC MN MNB
for below creep regime and MNH
for high temperature structures,
respectively.

4.2 Summary of
Comparison Results

The comparison results between
ASME IIl NB and RCC-M, JSME
S NC1, and KEPIC MN MNB are
summarised in Table 4-1.

FSRF
A2
Bo*
Al

Design
Curve

A1 for
ferritic

A2 for
austenitic
A2

Al

Plasticity,

Y
Y
B1
B2
Al

Cumulative
Usage
Miner’s rule
Miner’s rule
Al

Al

Al

Effect of
Elastic
Modulus
Y

Y

Al

A2

Al

Stress
Amplitude
Amplitude
Al

Al

Al

Carbon, low alloy and
high tensile steels
nickel-chromium-iron

alloy, nickel-iron-
nickel-copper alloy

chromium alloy and
A2

Applicable Materials
Austenitic steels,

A2
Al

Temperature
Limit, °C
370

425

A2

A2

Al

Table 4-1. Summary of Comparison Results with ASME Section IlI, Division 1, Subsection NB

*Currently not enough details regarding the difference in FSRF requirements

Code/Standard
ASME Ill, NB
RCC-M

JSME S NC1
KEPIC MN MNB



Concluding remarks

This report has made a detailed
comparison between ASME Section
lll, Subsection NB with other Nuclear
Pressure Vessel and Piping Design
Codes and Standards applicable to
LWR plants.

It can be seen from Table 4-1 that:

* In general, other LWR Design
Codes and Standards are
equivalent to ASME Il NB in most
areas.

* The requirements of RCC-M are
either the same as or equivalent
to ASME Il NB in the majority

Appendix A -

of areas, except the definition

of the fatigue curve, plasticity
correction (K,) factor, and method
for assessing local structural
discontinuities.

The requirements of South Korean
KEPIC MN MNB are the same as
those of ASME Ill NB in all areas.

The requirements of JSME S

NC1 are either the same as or
equivalent to ASME Il NB, except
the definition of the fatigue curve,
the plasticity correction (K,) factor,
and fatigue strength reduction
factor (FSRF).

Comparison tables

The comparison between ASME Section Ill, Division 1, Subsection NB with other
Codes/Standards applicable to LWR plants are presented in the following tables:

Nuclear Codes and Standards Applicable to Light-Water Reactors

(BWRs/PWRs)

Table 6-1: Comparison of ASME Section llI, Division 1, Subsection NB with

RCC-M

Table 6-2: Comparison of ASME Section llI, Division 1, Subsection NB with

JSME S NC1

Table 6-3. Comparison of ASME Section Ill, Division 1, Subsection NB with

KEPIC MN MNB
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Appendix B -
Design Fatigue Curves

This appendix presents and compares the design fatigue curves for the different Codes/Standards under comparison.
To enable direct comparison, the pseudo-stress-based design curves have been transformed and presented graphically
in terms of total strain amplitude vs permissible cycles. This aims at making a comparison between the different curves
easier by eliminating the issue of pseudo-stress based curves having different reference modulus, E,.

7.1 ASME Section lll, Mandatory Appendix |

10

= Austenitic Stainless Steel & Nickel-based Alloys
= Carbon & Low Alloy Steel (UTS 793-896 Mpa)
=== Carbon & Low Alloy Steel (UTS < 552 MPa)a

BN

Total Strain Amplitude, &, (%)

01 \

0.01

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Number of Allowable Cycles, N

Figure 7-1. ASME Section Ill, Appendix | Design Strain-Life Curves (Figure I-9.1M and Figure |-9.2M)
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Table 7-1. Tabulated values of strain amplitude, ¢, (%), and pseudo-stress amplitude, S, (MPa), for Figure 7-1.

0.0508

0.0498

0.0491

0.0484

0.0295 61 0.0473 98
0.0261 54 0.0420 87
0.0232 48 0.0372 77

0.0481




7.2 RCC-M

7.2.1 Annex Z| 4.0

10

= Austenitic Stainless Steels and Nickel-based Alloys
= Carbon & Low-Alloy Steels (UTS 790-900 Mpa)
=== Carbon and Low-Alloy Steels (UTS <= 550 Mpa)

/

Total Strain Amplitude, &, (%)

|

0.01
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Number of Allowable Cycles, N

Figure 7-2. RCC-M Appendix ZI 4.0 Design Strain-Life Curves (Figure ZI 4.1 and Figure ZI 4.2)
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Table 7-2. Tabulated values of strain amplitude, ¢, (%), and pseudo-stress amplitude, S, (MPa), for Figure 7-2.

Cow0) SRR N a0 SRR a0
1.932 4000 1.400
1.367 2830 1.068 2210
0.918 1900 0.768 1590
0.681 1410 0.585 1210
0.517 1070 0.449 930
0.350 725 0.333 690
0.275 570 0.261 540
0.213 440 0.208 430
0.159 330 0.164 340
0.121 250 0.147 305
0.143 295
0.104 215 0.121 250
0.0773 160 0.0966 200
0.0667 138 0.0870 180
0.0551 114 0.0797 165
0.0449 93 0.0734 162
0.0416 86 0.0667 138




10

O RCC-M Annex ZI 4.1 (790 <= Su <= 900 MPa)
O RCC-M Annex ZI 4.1 (Su <= 550 MPa)
—— ASME Il Appendix I-9.1M (UTS 793-896 MPa)

\ — ASME Ill Appendix I-9.1M (UTS <= 552 MPa)
1 \

Total Strain Amplitude, &, (%)

|

0.01
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Number of Allowable Cycles, N

Figure 7-3. Comparison of RCC-M Annex ZI 4.1 with ASME Il Appendix 1-9.1M Design Curves for Carbon & Low-alloy Steels
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10

O RCC-M Annex ZI 4.2

(0] — ASME Appendix I-9.2M
O

o 0}
c
<
o)
e
2
=
=
<
£
@
%)
T
5 0.1
'_

0.01

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Number of Allowable Cycles, N

Figure 7-4. Comparison of RCC-M Annex ZI 4.2 and ASME IIl Appendix I-9.2M Design Curves for Austenitic Stainless Steels and
Nickel-based Alloys



7.2.2 Annex ZD 2300

3000

\ - Stainless Steel
2500 = | ow-alloy Steel (16MND5)

\ === Inconel
2000
1500 \

1000

500

Pseudo-Stress Amplitude, 0.5- Ac; (MPa)

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Number of Allowable Cycles, N,

Figure 7-5. RCC-M Annex ZD 2300 Discontinuity Initiation Curves by Material Class

Table 7-3. (Table ZD 2300) Initiation Curve Relations for Figure 7-5.

Material Environment Distance, d (mm) Curve

Low-alloy steel, type 16MND5 AIR and PWR 0.05 Ao, = 5450(N,) 172
Stainless Steel AIR and PWR 0.059 Ao, = 9460(N,) 024
Inconel AIR and PWR 0.046 Ao, = 7090(N,) 0162
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Appendix C -
Plasticity Correction (K)
Factors

This appendix presents the plasticity correction (K,) factors for the different Codes/Standards under comparison. The K,
correction curves are presented graphically in terms vs S./S,, or S,/S,,, whichever is applicable. Furthermore, the different

Code K, factors are also compared with K, factors calculated directly from elastic-plastic FE analysis of representative
plant components.

8.1 ASME lll, Subsection NB

8.1.1 Mandatory Appendix XlII-3450

55

/ /
4 /S
[/

) Vi
Y/

Plasticity Correction Factor, K

= Carbon Steel

: /
/

1.5 = Low-Alloy Steel

=== Austenitic Stainless Steel & Nickel-based Alloys

0 1 2 3 4 5 6 7 8 9 10 1 12
Sn/ Sm

Figure 8-1. ASME Section Ill, Appendix XIII-3450 K, vs. S, / S,, Plasticity Correction Curves



8.1.2 Proposed Code Case (Record 17-225)

55

4.5

3.5

25

Plasticity Correction Factor, Ke

1.5

Figure 8-2.

55

4.5

3.5

2.

(&3]

Plasticity Correction Factor, Ke

1.5

O Appendix XIlI-3450 - Carbon Steel

R=0
R=1/6
R=1/3
R=1/2
R=2/3
R=1

4 P

S

S -

S —
i —

6 9
Sn/ Sm

ASME Proposed Code Case (Record 17-225) K.fvs S,/ S,, Correction Curves for Carbon Steel

O Appendix XIlI-3450 - Low-Alloy Steel

R=0
R=1/6
R=1/3
R=1/2
R=2/3
R=1

j

il =

1/

e

o
/

6 9
Sn/ Sm

Figure 8-3. ASME Proposed Code Case (Record 17-225) K.fvs S,/ S,, Correction Curves for Low Alloy Steel
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3.5

O Appendix XIlI-3450 - Stainless Steel
= R=0

=N
/2

1.5

Plasticity Correction Factor, K

0 3 6 9 12
Sn/Sm

Figure 8-4. Proposed Code Case (Record 17-225) K.fvs S,/ S,,, Correction Curves for Austenitic Stainless Steel and Nickel-based Alloys.

8.2 RCC-M B 3234.6

35
= RCC-M Ke(mech)
= RCC-M Ke(ther) /

3
N4
S
3

w25
C
e
©
o
8

> 2
o
k%)
©
[a

15

’

0 1 2 3 4 5 6 7 8 9 10 11 12

Sn/ Sm

Figure 8-5. RCC-M B3234.6 Mechanical (K, ™" - and Thermal (K.")-Plastic Correction Curves for Austenitic Stainless Steel and
Nickel-based Alloys



Plasticity Correction Factor, K

8.3 JSME

8.3.1 PVB 3315.1

Plasticity Correction Factor, Ke

55

45

3.5

2.5

1.5

55
== ASME Il Ke - Carbon Steel
5 e JSME Ke (K=Sp/Sn=1.0)
s === JSME Ke (K=Sp/Sn=1.5)
' === JSME Ke (K=Sp/Sn=2.0)
4 === JSME Ke (K=Sp/Sn=2.5)
=== JSME Ke (K=Sp/Sn=3.0) /
35 /
3 /
25 /
2 /
1.5 %% %
=
0
1
2 4 6 10 12
S/ Sm
Figure 8-6. JSSME PVB 3315.1 K, vs S,/ S, Correction Curves for Carbon Steel
= ASME Il Ke - Low Alloy Steel
= JSME Ke (K=Sp/Sn=1.0)
=== JSME Ke (K=Sp/Sn=1.5) /
=== JSME Ke (K=Sp/Sn=2.0) /
=== JSME Ke (K=Sp/Sn=2.5)
=== JSME Ke (K=Sp/Sn=3.0) /
‘-"—??
!
[ g
[}
0
2 4 6 10 12 14

Figure 8-7. JSME PVB 3315.1 K, vs S,/ S,, Correction Curves for Low Alloy Steel

Sn/ Sm

14
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35

- ASME Il Ke - Stainless Steel
= JSME Ke (K=Sp/Sn=1.0)

=== JSME Ke (K=Sp/Sn=1.5)
S JSME Ke (K=Sp/Sn=2.0)
=== JSME Ke (K=Sp/Sn=2.5)

. JSME Ke (K=Sp/Sn=3.0) e =

Plasticity Correction Factor, K

Sn/ Sm

Figure 8-8. JSME PVB 3315.1 K, vs S,/ S,, Correction Curves for Austenitic Stainless Steel

8.3.2 Code Case NC-CC-005

3.5

\

Plasticity Correction Factor, K

1.5

0 1 2 3 4 5 6 7 8 9 10 11 12
So/ Sm

Figure 8-9. JSME Code Case NC-CC-005 K," vs S,/ S, Correction Curve Applicable to All Materials
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8.4 Code K, Factors vs K, Derived by Elastic-Plastic FEA

This section presents a performance assessment of the plasticity correction (K,) factors adopted by different Codes and
Standards compared with the K, factors obtained directly from elastic-plastic FE analysis. To enable a direct comparison
between K, methods that involve more than a single correction factor, an equivalent correction factor, K., must be
determined. The purpose of K., is to reduce the combined effect of multiple plasticity correction factors to a single
value whose effect on S, is equivalent, and it serves as the basis of comparison for all plasticity correction methods
outlined in this report.

Ke.eqv IS Calculated as follows:
- 2:Sa E
eequ — B
4 Sl9 E,

Where S, is the alternating stress intensity after adjusting for plasticity and elastic modulus variation, and S, is the
elastically-calculated surface stress intensity range.

8.4.1 Bettis Stepped Pipe

2.8
2.6
2.4
.I
2.2
e8
5 2
N4
- 1.8
8 [
X 16 A
14
A
A
1.2 a A,
1 e sacneses
©8° B8p
0.8
0 1 2 3 4 5 6 7 8 9 10
Sn/ Sm
B ASME Il XIII-3450 O ASME Code Case N-779 B ASME Code Case N-779 (Mod.)
A ASME Il Record 17-225 & ASME VIII-2 Section 5.5.3 ¢ ASME VIII-2 Annex 5C
A RCC-M A JSME © JSME NC-CC-005
© EN-13445 Annex 18 O AD 2000-Merkblatt S2 @ PNAEG
@ R5 (Neuber) © R5 (Kv) = 3Sm

Figure 8-10. Conservatism of Code K, vs S,/ S, Correction Curves for Austenitic Stainless Steels Compared to Direct K, Calculation by
Elastic-Plastic FE Analysis. Clarkson, D.M., Bell, C.D., Mackenzie, D. [7]
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