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1. Introduction

The total fatigue life model provides a framework for assessing fatigue strength of nuclear power
plant (NPP) components under cyclic loading [1]. This assessment is critical for long-term operation
(LTO), where cumulative thermal transients, environmental degradation, and variable loading can
accelerate crack growth beyond initial design assumptions. Thermal fatigue, driven by temperature
changes such as stratification, shock, and cycling during startup, load follow and shutdown, primarily
affects surge, spray, and branch lines and their nozzles [1].

The two-stage total fatigue life model focuses on two key concepts: the initiation and growth of
microcracks, followed by crack propagation governed by fracture mechanics. Previous total lifetime
models for primary piping systems share a consistent structure, typically involving several key steps
[2-4]. The first phase estimates the time to crack initiation, considering mechanisms such as low-
cycle fatigue or stress corrosion cracking (SCC), and employs penalty factors to account for
environmental effects. This phase marks the onset of degradation and provides the foundation for
subsequent crack growth analysis, including assessment of crack criticality. Several reviews and
comparisons of these total life models are available [5-7]. Notably, a review of approaches, including
those proposed by Asada (Mitsubishi Heavy Industries) [4] and Pellereau (Rolls-Royce) [3], shows
that these methodologies have not yet been incorporated into ASME Code Cases.

Recent studies emphasize the influence of environmental factors on fatigue life, supported by
advanced experimental setups [5,8]. Ongoing calibration of VTT's environmental-assisted fatigue
(EAF) model highlights the need for additional environment and material specific test data [7]. ASME
BPVC Sections Il and Xl provide relevant design rules: Section Il mandates cumulative usage factor
evaluation for Class 1 components [9,10], while Section XI includes flaw growth models [11].
However, ASME design curves at room temperature in air are conservative and do not fully capture
environmental effects [12]. Similarly, the French nuclear design and construction code RCC-M [13]
bases fatigue design on explicit and implicit consideration of environment and material-class-specific
influencing factors.

This report presents a representative application of total fatigue life modelling using standard
methods. It demonstrates the model by showing the fatigue life contributions of each step, resulting
in the total life. A deterministic approach is adopted for practicality. The model accounts for
environmental effects during initiation and applies a crack growth law for propagation. By leveraging
ASME and RCC-M standards and analytical tools, the methodology aims to support safer and more
accurate lifetime management. Section 2 outlines key features and experimental needs; Section 3
provides an application example; and Section 4 discusses the results and upcoming development
phases.

2. Total fatigue life model

The total fatigue life model presented in this report is designed to provide a practical framework for
assessing the fatigue strength and lifetime of NPP components subjected to cyclic loading. The
approach integrates both crack initiation and propagation calculation methodologies aligning with
the internationally recognized standard ASME BPVC Sections Ill and XI [9-11] and addressing also
the French RCC-M code [13]. The approach addresses crack growth behavior under EAF, which is
increasingly important for LTO of aging NPPs [1,5,6].

The proposed model follows a two-stage fatigue life formulation

N = N; + N, (1)
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where N; and N,, are the distinct number of cycles regarding initiation and propagation of the defect

and crack. This structure enables prediction of crack size at any cycle count and estimation of
remaining life before unstable crack growth is postulated to occur.

2.1 Fatigue crack initiation

In the proposed total life model, calculation of cycles to fatigue crack initiation involves determining
the appropriate strain measure and considering actual environmental effects with penalty
multipliers, i.e. F,, factors. The model begins with the calculation of crack initiation, using penalty
factor models that incorporate environmental effects with low-cycle fatigue and SCC [1,4,5]. This
phase is informed by experimental data to be developed in the SAFER TOFFEE project at VTT [8]
and the technical report NUREG/CR-6909 [14], ensuring that the initiation criteria reflect real-world
plant conditions.

Methods endorsed by ASME Section Il [9] with those detailed in Appendix XllI [10] and strain-
based evaluation procedures, form the core approach for calculating fatigue flaw initiation. Those
established techniques ensure alignment with industry standards while providing a robust baseline
for analysis. The actual new environmental test data will be used later, if it is available first [8]. The
fatigue design curves in RCC-M [13] are similar to those in the ASME 1l [10] with only marginal
differences, both being derived from tests conducted in dry air. Those curves incorporate
provisions to account for specimen size and geometry, material variability, data scatter and surface
finish [10,13].

For the stress amplitude S, valued between between S; and S; given in the point-by-point fatigue
curve tables [10,13] with S; < S, < S;, the number of allowed cycles can be calculated by
interpolation as follows [10,13],

108(Si/Sa)/10g(S:/S;
N = N;(N;/N;) (su/57), (2)

where N; and N; are the number of allowed cycles with respect to S; and §;.

2.1.1 Cumulative fatigue usage

In ASME Xl, Nonmandatory Appendix L [11], Article L-2000 refers to ASME Section lll, Class 1
fatigue usage factor procedures [9] that shall be used to determine a cumulative fatigue usage factor
U at the end of the evaluation period. Accordingly, the loadings defined in the NPP’s design
specifications, plant-specific loading cycles consistent with the NPP’s design and operational
practices, or actual operating data shall be utilized, as applicable. The acceptance criterion for a
primary pressure components or piping is that U < 1.0 regarding the evaluation period.

According to ASME Ill Mandatory Appendix Xlll, Paragraph XI11-3520 Procedure for Fatigue Analysis
[10], the accumulated fatigue usage is calculated with the equation

U=3iL5Es 10, (3)

where M is the total number of stress ranges based on the cycle counting procedure, and n;, and N,
are the actual number of repetitions and permissible number of cycles for the kth cycle set at the
corresponding stress level, respectively. The value of N, can be obtained from the selected S-N
curve. After U > 1, the initiated defect is here considered as a crack that can be characterised
according to ASME XI. A comparable methodology for calculation of U is also presented in ASME
VIIl, Paragraph 5.5.3.2[15].
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The outcome of this calculation is a detailed estimation of the conditions and service duration
required for a detectable crack to first develop when U > 1. This provides a critical input for
subsequent defect characterization and crack growth modelling, supporting a seamless transition
between phases of the total fatigue life model. To this end, the estimated time until crack initiation
can be calculated from

ti = ta/U, (4)

where t; is the design lifetime of the component.

2.1.2 Elastic-plastic analysis

The Code Case ASME N-884 [16] addresses the elastic-plastic analysis when calculating U.
According to ASME Ill Mandatory Appendix XlllI, Paragraph XllI-3450 Simplified Elastic-plastic
analysis [10], the value of S, used for the design fatigue curve approach is multiplied by the factor
K, that can be obtained from

K, =1.0 for S, <35,
K,=1.0+ 1 —-n)/(n(m—1)) (5,/(3Sp) — 1) for 3S,, < S, < 3mS,, (5)
K, =1/n for S, = 3mS,,

where S, is design stress intensity for the material at service temperature and the range of primary
plus secondary stress intensity is denoted by S,,. The material specific constants n and m can be
obtained from the ASME standard, Table XllI-3450-1 therein [10]; for austenitic steels n = 0.3 and
m=1.7.

A comparable methodology for calculation of K, is also presented in RCC-M, ParagraphB
3234.6 [13].

21.3 Strain rate

Precise strain rate quantification is critical when applying the F,, method to account for
environmental influences on crack initiation. The Code Case ASME N-884 [16] establishes a detailed
procedure for determining the strain rate ¢ as part of environmental fatigue evaluations for nuclear
components. This procedure supports two key methodologies: the environmental fatigue design
curve method and environmental fatigue correction factor, i.e. the F,,, method. Both approaches are
applicable to components analysed under the NB-3200 rules in Section Ill [9]. By defining the
procedure how ¢ should be calculated, Code Case N-884 ensures consistency and accuracy in
fatigue assessments, particularly for environments where material degradation due to thermal and
chemical effects must be considered.

For an incremental loading segment calculation of the strain rate is straightforward
¢ = Ae/At, (6)

but ASME N-884 includes the procedure for determination of ¢ for transients involving complete
stress cycles as well; the procedure is not here reproduced. There have been recent developments
and discussions on the application of plastic strain in conjunction with the F,,, method as well [5,8].

beyond the obvious



RESEARCH REPORT VTT-R-00616-25
7(17)

214 Environmental effects

NUREG/CR-5999 [17] presents an approach that involves creating fatigue curves reflecting material
behaviour in the specific NPP environment and applying them to water-contact components, similar
to the use of air fatigue curves. EAF design curves is a simple, but it may be considered as a too
limited approach due to nonlinear environmental interactions. Therefore, more flexible and widely
accepted F,,, approach is here chosen [14,16,18]. In the latest version of NUREG/CR-6909 [14], F,,,
is modelled for wrought and cast austenitic stainless steels as

Fop = e_T*é*0*1 (7)

where T"is the transformed temperature, ¢* is the transformed strain rate, and 0" is the transformed
dissolved oxygen [14]. Correspondingly for ferritic steels [14],

_ oK\ Xk Ak
E,, = ¢(0.003 - 0.031£")s°T*0" (8)

where 5™ is the transformed sulphur content. The equations to calculate those transformed quantities
are not here reproduced, but they are available for different strain rates as defined in NUREG/CR-
69009.

The existing F,,, models provide a good foundation for calibration. A first step in calibrating a total
fatigue life model is to determine the base design fatigue curves in air, and the F,,, equations based
on the test results [8].

215 Usage factor in environment

The ASME Code Case N-919 [18] provides the fatigue assessment method with considering
environmental effects on Class 1 nuclear plant components. Therein, the cumulative fatigue usage
factor considering water environmental effects is calculated from

Uen = Zi:l UkFen,k’ (9)

where the fatigue usage factor associated with respective F,,, , is denoted by U, and z is the number
of load cases involving environmental effects.

For comparison, the global penalty factor F,, ; can be used according to the RCC-M code [13],
Fen,g = 2%:1 UkFen,k/Zizl Ug. (10)

The result F,, 4 is then substituted into the equation of environmentally corrected usage factor for
pressurized water reactors (PWRs) [13]

Uen,PWR =U Fen,g/Finh (1 1)

where F;,,; = 3 or F;;,; = 5 is the case specifically chosen allowed penalty factor according to RCC-M
code.

2.2 Experimental data sources

Calibration of the total life model begins with strain-controlled fatigue tests on smooth specimens in
plant-simulated environments [14]. The SAFER TOFFEE project is generating such data, that can
be supplemented by extensive datasets from NUREG reports [8]. These tests inform regression
models for fatigue initiation curves, typically expressed as:
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In(N,5) =A—B-In(g, — C), (12)

where N,z is the number of cycles to 25 % load drop, ¢, is the strain amplitude and A, B, C are
regression coefficients.

The 25 % criterion refers to the long-standing engineering assumption [14] that a 25 % drop in
measured load (or stress) during a fatigue test corresponds to the formation of an approximately
3 mm “engineering crack” in a cylindrical specimen. This criterion is used in industry to classify the
onset of crack initiation and to judge whether a component has a low probability of having initiated a
crack if it operates below this threshold. The recent thesis by Norrgard [19] questions the universal
validity of this assumption, showing that actual crack depths at 25 % load drop can vary widely,
meaning the 25% rule may not reliably indicate a consistent crack size across materials,
temperatures, and measurement setups.

In the review [6], details on fitting the heat-specific constant A were not found, but there are some
details available regarding fitting of B and C. According to review [6], “the format may be used for
determining design fatigue curves from the SAFER TOFFEE experiments and/or other data sources
from the literature, but a more detailed survey will be necessary to ensure a consistent fitting”.

Transferability factors are applied to align laboratory results with real-world operating conditions. For
instance, ASME BPVC Section Il specifies a cycle-based factor of 12 [8, 9], whereas NUREG-6909
Rev. 1 [14] recommends 9.6, indicating that ASME incorporates a larger implicit safety margin.

2.3 Defect characterization at transition

A critical challenge is identifying the crack size that marks the transition from initiation to propagation.
Once a crack is initiated, its size and geometry can be characterized according to standard
recommendations. In ASME XI, Nonmandatory Appendix L [11], Article L-3000 refers to flaw
tolerance assessment of pressure boundary component or piping of the Class 1. For example, an
initial flaw size of 3 mm according to ASME Section XI can be chosen. It is, however, noted the the
flaw size of 3 mm therein is based on non-destructive inspection capabilities. For different wall
thicknesses, Table L-3210-2 in ASME Xl presents the equivalent aspect ratios for single cracks in
austenitic piping.

ASME traditionally uses a 3 mm crack (25 % load drop), but this may not suit damage-tolerant
designs. Alternatives include, e.g.

- Engineering definitions (e.g., 250 ym used by Rolls-Royce),
- Backtracking from failure using striation counting (R5 procedure).

With reference to the thesis [19], it is reminded that the 25 % rule is not generally applicable; it cannot
universally indicate a consistent crack size covering wide ranges of materials, temperatures, and
measurement setups.

ASME XI, Paragraph L-3220 [11] states that the flaw plane should be oriented perpendicular to the
maximum principal stress. If the direction of this stress changes during the cycle, the perpendicular
orientation corresponding to the point where the maximum principal stress is greatest should be
selected.

The essential requirement is that the initiation, transition, and crack-growth models remain

consistent. It is inconsequential if the initiation model predicts a relatively large initial flaw, provided
that this corresponding initial condition is appropriately incorporated into the subsequent
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crack-growth analysis. Conversely, the growth calculation might commence from sub-millimetre flaw
sizes, if the initiation criterion has been calibrated to that scale.

24 Crack growth

Crack growth is modelled using calibrated growth laws, with parameters reflecting temperature,
water chemistry, mechanical loading, and other environmental influences [2,3,6,7,14]. According to
the ASME Code Case N-809-1 [20], the crack depth increment per load cycle can be calculated from

da/dN = CoAK™, (13)

where AK is the stress intensity factor range and the material and environmental specific exponent
is denoted by n. In addition, the scaling parameter C, is dependent of the metal temperature, stress
ratio and loading conditions [20],

Co = CSTSRrSENY (14)

where C is the constant representing the nominal fatigue crack growth rate, S, represents the effect
of temperature on fatigue crack growth, Sy considers the effect of the stress ratio and the function of
load rise time, Sgyy, accounts for environmental influences.

To reflect realistic conditions, crack growth laws must be calibrated using tests in simulated
environments. ASME BPVC XI Code Case N-809 provides a baseline, but its rise-time assumptions
may not suit complex waveforms.

2.5 End-of-life criteria

The total lifetime is calculated up to the point where the crack reaches a critical size, assessed using
fracture mechanics tools such as the failure assessment diagram (FAD) [3,11], where brittle fracture
and limit load approaches are used to determine if the flaw is critical in terms of fitness-for-service.
Both deterministic and probabilistic approaches are supported, enabling reliability assessment and
compliance with regulatory requirements. The acceptance of a defect is determined by
demonstrating that the component can safely withstand design loads, including transients, with the
postulated flaw present [2-4].

According to ASME Section XIl, Paragraphs IWB-3642 and IWB-3643 [11], flaws in austenitic and
ferritic piping that exceed 75 % of the wall thickness are deemed unacceptable. In contrast, the RSE-
M code [21] does not specify a single universal maximum allowed defect depth. Instead, RSE-M
requires a detailed fracture mechanics assessment for detected flaws, considering the specific
component, loading, and safety class.

3. Example application

To demonstrate the practical application of the total fatigue life model, an example is provided for a
representative Class 1 piping component in an NPP environment. The assessment follows the
methodology outlined in Section 2 and incorporates ASME BPVC standard procedures with
comparisons to RCC-M code. In this example, the design life of the piping component is typically
specified as t; = 60 years. A PWR environment with dissolved oxygen below 0.1 ppm is assumed.
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This application is intended as a representative example where the load data is considerably
simplified, and loading does not correspond to an actual NPP case. However, the material properties
are based on the available UK EPR safety report [22]. While the approach demonstrates the
methodology step-by-step, it should be noted that the simplifications are deliberate to illustrate the
process rather than replicate real operational conditions. The example illustrates how EAF can
significantly reduce the estimated component life compared to the assumed design case that directly
relies on the ASME fatigue curve.

3.1 Description of the component

The pipe section of the hot leg located in the reactor coolant loop [22] is assumed to be exposed to
frequent temperature and pressure transients, for instance, due to operational cycles, chemical
adjustments, and system testing. The hot leg connects the reactor pressure vessel to the steam
generator. It is made of two forged pieces and comprises three straight sections and two elbows
[22]. The considered pipe has been fabricated from wrought 316L stainless steel. It is noted that
welding residual stresses are not considered to affect the location studied within the example

The circumferential orientation of the flaw is assumed, and the characterised crack is assumed to
be oriented perpendicular to the maximum principal stress. The assessment assumes cyclic loading
data in terms of pre-defined stress amplitudes. The load data represents number and magnitude of
thermal cycles and pressure fluctuations.

3.1.1 Loading

Based on reported operational data at 100 % of nominal power [22] of the steam generator, the hot
leg is subjected to an operating pressure of 155 barg and a temperature of 327.2 °C, respectively.

The cyclic load data for the piping component is listed in Table 1. Therein, occurred stress amplitudes
S, and corresponding number of cycles N, represent load history of the component. It is assumed
that S, corresponds to 100 % membrane load. In this case, N; is defined as the number of load
cycles with S, = 217 MPa until crack initiation occurs, i.e. U,, > 1.0 in Equation (9); the resulting N
values can be found from Tables 3 and 4 of this report. In the table, dt corresponds to stress rise
time regarding the respective S, values.

Table 1. Occurred stress amplitudes and corresponding number of cycles.

S, (MPa) N (Cycles) dt (s)
292 200 4
360 10 1
217 N, 3

For simplicity, a uniform loading involving S, = 100 MPa (stress ratio, R = 0) in the axial direction is
assumed to occur after the crack initiation event; in one month, 100 cycles with the loading rise time
T,- = 4 seconds occurs until the design life of 60 years is reached. The flaw plane is assumed to be
oriented perpendicular to the maximum principal stress as ASME XI, Paragraph L-3220 [11] states.
For sensitivity analysis, the calculation includes the corresponding case with T, = 1 and T, = 8
seconds as well. It is noted that S, = 100 MPa is relatively low compared with the load levels
presented in Table 1; a higher applied stress would be expected to significantly shorten the
crack-growth phase lifetime in this example
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3.1.2 Material properties

Pipe dimensions and material property data for the hot leg is listed in Table 2 regarding the
postulated crack location here considered.

ASME Section Il, Part D [22] provides design values that are conservative and based on lower-
bound estimates, not best-fit or mean values from experimental data. These values are derived from
statistical analysis of material property data and include safety margins to account for variability,
fabrication effects, and service conditions. The lower bound mechanical properties of wrought 316L
(X2 CrNi 19.10) are reported in the UK EPR safety document [22].

Table 2. Pipe dimensions and material properties for the hot leg [22].
Inside diameter of straight parts between ends D; | 780 mm

Wall thickness of straight parts between ends ¢ 76 mm (minimum value in
the range 76 — 97 mm)

Yield stress at 327.2 °C = 125 MPa at 350 °C [22]

Ultimate strength S, at 327.2 °C = 368 MPa at 350 °C [22]

95.5 MPa [23
Design stress intensity S,,, at 327.2 °C al23]

Elastic modulus at 327.2 °C 174 GPa [23]

Fracture toughness K;. approximated from APl | 181.7 MPavm [24]
579-1 Equation (9F.44)

3.2 Fatigue crack initiation life

The number of cycles to crack initiation is determined using the strain-life (e-N) approach, with
environmental penalty factors F,, applied. The simplified elastic-plastic analyses are here
considered according to ASME 1ll and RCC-M codes (see Section 2.1.2). The initiation phase is
considered complete when U,,, — 1. The design fatigue curve for austenitic steels is available in
ASME [ll Appendices [10], Table 1-9.2 therein. The corresponding data in RCC-M [13] is listed in
Table RPP-2/1 therein.

For the example calculation, Table 3 presents the allowed cycles and calculated fatigue usage
factors based on the ASME fatigue curve. Three stress amplitudes S, are evaluated in this
example. The corresponding results calculated with the RCC-M fatigue curve are presented in
Table 4. The comparison between Tables 1 and 2 shows that there is only a marginal difference
between the allowed number of load cycles obtained with ASME and RCC-M standards.

Table 3. Allowed cycles and calculated fatigue usage factors based on the ASME fatigue curve.

Stress amplitude with Cycles (N) Fatigue usage factors

plasticity, K.S, (MPa) Allowed Occurred Unit Occurred | Cumulative
974 500 200 0.002000 | 0.4000 0.40
1201 306 10 0.003268 | 0.0327 0.43
590 2000 1135 0.000500 | 0.5675 1.00
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Table 4. Allowed cycles and calculated fatigue usage factors based on the RCC-M fatigue curve.

Stress amplitude with Cycles (N) Fatigue usage factors
plasticity, K.S, (MPa) Allowed Occurred Unit Occurred | Cumulative
974 493 200 0.002028 | 0.4057 0.41
1201 303 10 0.003300 | 0.0330 0.44
590 1844 1026 0.000542 | 0.5564 1.00
3.2.1 Environment penalty factors with NUREG/CR-6909

The penalty factors to account for environmental effects, i.e. F,, factors can be obtained, for
example, according to the latest 2018 Revision 1 of the NUREG/CR-6909 report [14]. Therein, F,,
is presented as a function of the transformed strain rate and wall temperature that are weighted by
the transformed dissolved oxygen content. The transformed values are calculated from the
corresponding realized values with the reported equations. In the modified rate approach, the
temperature and strain rate are multiplied in F,,, equation. In the simplified F,,, calculation approach,
the average temperature and strain rate are used, but otherwise the same F,,, calculation formula is
applied. To this end, it is noted that correlations between the F,,, factor and strain rate are linear on
the log-log scales, which may be useful in comparisons of different F,,, approaches or procedure
revisions.

The resulted strain rates and F,,, values calculated based on load data are listed in Table 5. With
considering F,,, factors calculated with Equation (7), Table 6 presents allowed cycles and calculated
fatigue usage factors based on the ASME fatigue curve.

Table 5. Strain rates and F,,, values calculated based on load data.

Stress amplitude, S, (MPa) | Strain amplitude, &, | dt (s) | Strain rate, £ (%/s) | F.,

974 0.005597701 4 0.13994 2.78
1201 0.006902299 1 0.69023 1.83
590 0.003390805 3 0.11303 2.94

Table 6. Allowed cycles and calculated fatigue usage factors based on the ASME fatigue curve, F,,
factors are considered.

. Cycles (N) Fatigue Usage Factors
Stress amplitude, 5, (MPa) Allowed | Occurred Fen Occurred | Cumulative
974 500 200 2.78| 1.1105 1.11
1201 306 10 1.83| 0.0598 1.17
590 2000 1135 [2.94| 1.6659 2.84

Based on Equation (4), with U = U,,, and considering F,,, in this representative case, t; is reduced
to 21 years in contrast to t; = 60 years.

Based on Equation (3), U = 1. With those three representative load sets, Equation (10) results in
Fn g = 2.83. Finally, with the selection Fj,,, = 3 [13] we obtain U, pywr = 0.94 with Equation (11). The
result Up, pwr < 1 indicates that the component is acceptable regarding the fatigue strength in the
PWR environment [13].
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3.3 Fatigue crack growth life

The initiated crack is characterised according to Table L-3210-2 in ASME Xl [11] which presents the
equivalent crack aspect ratios for austenitic piping. For the current case, the ratio of the crack depth
to the length of 0.4286 is obtained from the table. The power law parameters in Equation (13) are
chosen from ASME Code Case N-809 [20] specifically for the 316L material and associated welds,

accounting for the PWR environment, resulting in €, = 3.1883e-07 (mm/cycle)/(MPayvm)~23, and
corresponding to a loading rise time of 4 seconds for the present case.

Crack propagation is modelled using the modified Paris law, Equation (13). The crack growth phase
is analysed until the flaw reaches a critical standard size exceeding 75 % [11] of the wall thickness
76 mm (Table 2), i.e. 57 mm. Other limiting criteria is determined by fracture mechanics, i.e. based
on FAD according to the API 579-1 standard [24].

The calculation results in N, = 31600 cycles that corresponds to = 26 years of operation for the
current example.

3.4 Total life

By analogy with Equation (1), the total life is calculated as the sum of the crack initiation time and
the propagation time, as follows

te =t + tp. (15)

In this example, t, = 47 years is obtained from Equation (15) with ¢; = 21 years and t,, = 26 years.
It is noted that a through wall crack develops shortly one year after attaining t; in this case.

3.5 Example sensitivity analysis

An example sensitivity analyses is performed to show the crack growth model’s response to varying
loading rise time T, included in the power law parameter Sgy, = T,.°2 in Equation (12). Figure 1
shows the resulted crack depths and respective half-lengths regarding growth lifetime starting from
the year t; = 21 for T,, = 1, 4 and 8 seconds. Corresponding to those T, values, the resulting total
lifetimes are t, = 42, 47 and 60 years.

80
70

21 26 31 36 41 46 51 56 61
time (years)

Figure 1. Crack depths and respective half-lengths during growth lifetime for three different loading
rise times calculated according to the ASME crack growth law [20].
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A comparison with using the crack growth model from RSE-M [21] is next presented. The model
applicable to forged or rolled austenitic stainless steels and associated welded joints given in RSE-
M, Table 5.6-11.2, follows the form of Equation (13) with the parameters n = 4 and in C, = 6.5e-10
(mm/cycle)/(MPaym)~23 (for mean law) and C, = 1.8e-9 (mm/cycle)/(MPavm)~23 (for 2 s.d. law).
With respect to previous €, parameters, calculation results in t; = 35 and 60 years as can be also
seen from Figure 2.

60
__ 50
£
£ 40 a, mean law
p - = ¢, mean law
N30
7 a 2s.d law
2
g 20 - = ¢, 2s.d law
)

21 26 31 36 41 46 51 56 61
time (years)

Figure 2. Crack depths and respective half-lengths during growth lifetime for the mean and 2 s.d.
crack growth law parameters calculated according to the RSE-M code [21].

4. Discussion

The results obtained from the application of the total fatigue life model provide insights into the EAF
behaviour of Class 1 piping components. The stepwise assessment demonstrates that operating
environment and strain rate have a pronounced impact on fatigue life predictions. When F,,, factors
are incorporated, the estimated service life is significantly reduced compared to calculations based
on the standard ASME design curves. For the example case, the total predicted lifetime decreased
from the nominal design value of 60 years to approximately 47 years, with the crack initiation phase
accounting for 21 years and the propagation phase for 26 years. It is noted that the crack propagation
phase is not considered in the design life.

The example presented in this report calculated according to RCC-M [13] and RSE-M [21] leverage
ASME or NUREG environmental fatigue methodology, but they do not publish their own FE,,
equations. In addition, ASME Code Case N-792-1 [25] addresses environmental influences by
applying F,,, that modifies fatigue life to reflect material degradation in PWR and BWR water
environments. Therein, F,,, is as well determined based on temperature, dissolved oxygen content,
and strain rate. This factor is applied to the air-based fatigue usage to produce an environmentally
corrected fatigue usage, ensuring compliance with safety margins under reactor coolant operating
conditions

The sensitivity analyses further showed that variations in loading rise time considerably influence
total lifetimes, with calculated lifetimes ranging from 42 to 60 years depending on the load rise time.
These findings confirm the applicability of the modelling procedure but also highlight the importance
of accurate input data and the need for environment-specific experimental results to refine penalty
factors and crack growth laws.
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The comparison of fatigue usage factors calculated using both ASME and RCC-M standards shows
only marginal differences under standard conditions, but the inclusion of environmental effects leads
to more conservative and realistic assessments. The model’s ability to integrate both deterministic
and probabilistic approaches supports risk-informed decision-making and maintenance planning.

RSE-M fatigue crack-growth models for PWR environments do not consider load rise time. They rely
primarily on stress intensity factor based linear elastic fracture mechanics formulations, while
representative calculations with PWR fatigue crack growth model according to ASME Code Case N-
809-1 [20] show the importance of rise time.

5. Conclusions

A methodology for evaluating the fatigue life of Class 1 piping components in NPPs, integrating both
crack initiation and propagation phases, was presented. The total fatigue life model accounts for
environmental effects through penalty factors and calibrated crack growth laws, providing a more
realistic assessment of component integrity under LTO conditions. The parts of the presented total
life model are based on widely adopted ASME and RCC-M standards. Additional experimental data
is required to validate and refine the proposed model.

Overall, the results show effectiveness of the total fatigue life model in providing a comprehensive
and realistic framework for fatigue assessment. However, the practical implementation of the model
will require ongoing collaboration, further experimental data, model calibration and regulatory
acceptance to ensure its value for safe and efficient LTO of operating NPPs.

The following conclusions can be withdrawn:

- Environmental influences can substantially reduce predicted service life compared to
traditional design curve approaches.

- The plasticity correction considerably influences the calculated crack-initiation life.

- The proposed total life model needs to be complemented by F,,, factor equations, which will
be based on new data to be obtained from EAF experiments.

- The complexity and parameter sensitivity of the total life models currently limits their practical
applicability.

- Ongoing cooperation with utilities and continuous refinement of the model will support
regulatory compliance and risk-informed decision-making for aging NPPs.

- An applicability of the total life models needs to be more specifically defined. That is, are the

models accounting for the crack growth life only applicable to LTO or also to design purposes
of the new conventional NPPs and small modular reactors?
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