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a b s t r a c t

This paper proposes penalty factor equations that take into consideration the weld strength

over-match given in the classified form similar to the revised equations presented in the

Code Case N-779 via cyclic elastic-plastic finite element analysis. It was found that the Ke

analysis data reflecting elastic follow-up can be consolidated by normalizing the primary-

plus-secondary stress intensity ranges excluding the nonlinear thermal stress intensity

component, Sn to over-match degree of yield strength, MF. For the effect of over-match on

Kn � Κn, dispersion of the Kn � Κn analysis data can be sharply reduced by dividing total

stress intensity range, excluding local thermal stresses, Sp-lt by MF. Finally, the proposed

equations were applied to the weld between the safe end and the piping of a pressurizer

surge nozzle in pressurized water reactors in order to calculate a cumulative usage factor.

The cumulative usage factor was then compared with those derived by the previous Ke

factor equations. The result shows that application of the proposed equations can signifi-

cantly reduce conservatism of fatigue assessment using the previous Ke factor equations.

© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Fatigue is one of several potential aging-related damage

mechanisms in nuclear components. It has also been reported

that some fatigue failures in piping and other components of

nuclear power plants have occurred, and light water reactor

environments can accelerate the fatigue damage. Thus, nu-

clear components should be designed to ensure structural

integrity against fatigue damage during design lifetime.

The design-by-analysis concept was first introduced in

1963 in the publication of the American Society of Mechanical

Engineers (ASME) Boiler and Pressure Vessels (B&PV) Code,

Section III [1]. The vessel and piping rules were published

together in 1971 when the ASME B&PV Code, Section III was

revised to include rules for all nuclear components. At the

time, the designeby-analysis criteria were revised to include

“simplified elastic-plastic analysis” rules [2]. In the Section III

design-by-analysis criteria, a prerequisite for fatigue analysis
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is that the primary-plus-secondary stress intensity range

should not exceed 3Sm, where Sm is the design stress intensity.

If this limit is exceeded, the code provides a simplified elastic-

plastic analysis approach for fatigue evaluation. A Ke penalty

factor is applied to the elastically predicted alternating stress

to reflect strain concentration. The maximum values of Ke are

5 for carbon steel and low alloy steel and 3.3 for austenitic

stainless steel [3].

It is widely recognized that the Ke factor calculated from

current code equations can be overly conservative for some

conditions such as thermal stratification, and can subse-

quently cause serious limitations in design [4, 5]. In an attempt

to reduce this conservatism, the Electrical Power Research

Institute [5] compared Ke factors calculated directly from the

elastic-plastic finite element analysis (FEA) to those calculated

from approaches in theWelding Research Council Bulletin 361

[6] and the ASME B&PV Code. Electrical Power Research

Institute then developed a unified approach to calculate a

more realistic and less conservative Ke factor. Using analytical

results, Asada et al. [7] evaluated the conservatism of the

simplified elastic-plastic analysis in the current ASME B&PV

Code, Section III and proposed new Ke factors to replace those

found in the ASME B&PV Code and in the Ministry of Inter-

national Trade and Industry Code [8]. The new Ke factors were

adopted in the “Rules on Design and Construction for Nuclear

Power Plants” published by the Japan Society of Mechanical

Engineers in August of 2001 [9]. H�elder et al. [10] performed a

preliminary study on the Ke factor proposed in Part 3-Clause 19

of the European Standards (EN)13445 [11] for correction of

elastic stress ranges exceeding twice the yield stress from

mechanical loading. Slagis [2] described the meaning of Ke in

design-by-analysis fatigue evaluation in detail. Gurdal and Xu

[12] assessed the conservatism of the Ke procedure in the

current ASME B&PV Code, Section III, NB-3228.5 and, through

a comparative study, evaluated the two proposed alternative

ASME B&PV Code Ke procedures [13,14]. The ASME B&PV Code

Committee revised the Ke equations by classifying the existing

Ke factor, Poisson’s ratio factor Κn, and plastic strain redistri-

bution factor in a notch, Kn, then published the Code Case N-

779 [15]. In general, for safety considerations, the nuclear

industry is likely to design and manufacture safety class

components with weld strength over-match [16]. In some

cases, significant CUFs can be derived at the locations of

welds, e.g., the weld between a safe end and a surge pipe on a

pressurizer surge nozzle in a pressurized water reactor (PWR)

[17]. In addition, because effects of light water reactor envi-

ronments on fatigue need to be considered at the design and

license renewal stages, these significant CUFs can be one

of several fundamental and practical problems for new

plants under design and currently operating plants consid-

ering applying for life extension. However, the proposed or

revised equations may still have excessive conservatism

because they don’t include the effect of weld strength over-

match.

This paper investigated the effect of weld strength over-

match on the penalty factors via parametric studies consid-

ering elastic follow-up, plastic strain redistribution in a notch,

and Poisson’s ratio variation by using cyclic elastic-plastic

FEA. As a result of the parametric studies, penalty factor

equations that account for weld strength over-match were

proposed in a classified form similar to the revised equations

presented in the Code Case N-779. Finally, the proposed

equations were applied to the weld between the safe end and

the piping of a pressurizer surge nozzle in a PWR to calculate a

CUF. This CUF was then compared with those derived by the

previous penalty factor equations to assess the reduced de-

gree of conservatism in fatigue evaluation.

2. Previous penalty factor rules

This section summarizes the simplified elastic-plastic anal-

ysis rules and penalty factor equations presented in ASME

B&PV Code, Section III, NB-3228.5, and Code Case N-779.

2.1. ASME B&PV Code, Section III, NB-3228.5

It is said that the Ke factor in the ASME B&PV Code, Section III

is based on the study made by Tagart [18], which has been

modified according to Langer’s work [19] with regard to the

upper limit, 1/n. The following requirements are given in the

ASME B&PV Code, Section III, NB-3228.5 [3]:

The 3Sm limit on the range of primary plus secondary stress

intensity (NB-3222.2) may be exceeded provided that the re-

quirements of (a) and (b) below are met.

(a) The range of primary plus secondary membrane plus

bending stress intensity, excluding thermal bending

stresses, shall be � 3Sm.

(b) The value of alternating stress Salt used for entering the

design fatigue curve is multiplied by the factor Ke,

where:

Ke ¼ 1:0; for Sn � 3Sm

¼ 1:0 þ ½ð1� nÞ=nðm� 1Þ� � ðSn=3Sme1Þ; for 3Sm <Sn < 3mSm

¼ 1=n; for Sn � 3mSm

(1)

Sn¼ range of primary plus secondary stress intensity.

The values of the material parameters m and n for the

various classes of permitted materials are as given in Table

NB-3228.5(b)-1 [3].

2.2. ASME B&PV Code, Section III, Code Case N-779

The ASME B&PV Code Committee published Code Case N-779

because of the need to revise NB-3228.5. The following re-

quirements are given in Code Case N-779.

The 3Sm limit on the range of primary plus secondary stress

intensity may be exceeded provided that the following rules

are met:

(1) The component meets the requirements of sub-

paragraphs (a), (c), (d), (e), and (f) of NB-3228.5.

(2) The value of Salt used for entering the design fatigue

curve is one-half of the stress intensity range calculated

by the combination of the terms in (3), (4), and (5) below.

(3) The total stress intensity ranges, excluding both ther-

mal bending stress caused by linear throughewall

thermal gradients and local thermal stresses, shall be

multiplied by the factor Ke given in NB-3228.5(b).
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(4) The local thermal stress range is multiplied by a factor

Κn for Poisson’s ratio effects:

Kn ¼ 1:4; for Sp > 3Sm and Sp�tb�lt � 3Sm

¼ 1:0 þ 0:4
�
Spe3Sm

��
Stbþlt; for Sp > 3Sm and Sp�tb�lt < 3Sm

¼ 1:0; for Sp � 3Sm

(2)

where

Κn � Ke,

Sp¼ total stress intensity range.

Stbþlt¼ thermal bending plus local thermal stress intensity

range.

Sp-tb-lt¼ total stress intensity range excluding thermal

bending and local thermal stresses.

(5) The thermal bending stress range caused by linear

through-wall thermal gradients ismultiplied by a factor

Κn as defined in (4) above for Poisson’s ratio effects, and

a factor Kn as defined below for plastic strain redistri-

bution at local discontinuities (such as notches):

Kn ¼ 1:0þ
"�

Sp�lt

Sn

�1�n
1þn

#�
Sp�lt � 3Sm

Sp�lt

�
; for Sp�lt >3Sm

¼ 1:0; for Sp�lt � 3Sm

(3)

Kn � Κn � Ke

Sp-lt¼ total stress intensity range excluding local thermal

stresses

Sn¼ primary plus secondary stress intensity range. For

piping, the linear radial thermal gradient stress in-

tensity, classified as the peak stress, is added to Sn in

this procedure to determine Kn.

(6) As an alternative to (2) through (5) above, an overall

elastic-plastic strain concentration factor Keʹ can be

determined directly from an elastic-plastic analysis of

the component and the load case under consideration.

Keʹ is defined as the ratio of the numerically maximum

principal strain range from the plastic analysis to that

from the elastic analysis. The resulting Keʹ can be

applied to other load cases with an elastically predicted

stress range less than or equal to the elastic stress range

Fig. 1 e Schematic illustrations. (A) Stepped pipe. (B) Notched pipe.
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of the load case used to derive Keʹ. The value of Salt used

for entering the design fatigue curve is multiplied by Keʹ.

Ke, Κn, and Kn all represent penalty factors. Ke is the penalty

factor for primary stress and secondary membrane stress

ranges. Κn is the penalty factor that takes into consideration

the Poisson’s ratio effect for secondary local stress range. Kn is

the penalty factor that considers the plastic strain redistri-

bution effect in a notch for secondary bending stress range

caused by linear through-wall thermal gradient.

3. Analysis methodology for calculation of
the penalty factors

This section provides a description of the finite element

models and procedure for calculating the penalty factors, Ke

and Kn � Κn.

3.1. Sample problem and finite element model
description

In this study, two problems were considered (Fig. 1). One is a

stepped pipe for considering the elastic follow-up. The other is

a notched pipe for considering the strain concentration and

Poisson effect. As shown in Fig. 1A, the transition region was

assumed to be a weld. The axial applied stress on the left side

was assumed to change cyclically from 0 MPa to the

maximum axial applied stress, pmax, over time. The right side

was fixed only in the axial direction of the pipe. As the stepped

pipe was the primary concern, three variables were consid-

ered. One was pmax. Another was the ratio of sectional area on

the thinner side of the pipe to the sectional area in the thicker

side of the pipe, AR. The third variable was the ratio of weld

metal yield strength to base metal yield strength, MF. That is,

MF was the over-match degree of yield strength. For the

stepped pipe, five different values of pmax, pmax¼ 137.9 MPa,

183.4 MPa, 229.6 MPa, 27.8 MPa, and 322.0 MPa, four different

values of AR, AR¼ 0.55, 0.71, 0.85, and 1.0, and three different

values of MF, MF¼ 1.0, 1.1, and 1.2 were considered. As

depicted in Fig. 1B, the notched region was assumed to be a

weld. A linear temperature gradient was only considered

using the ABAQUS user subroutine program [20]. The tem-

perature of the inner surface, Tin was assumed to be fixed at

20�C over time. The linear temperature gradient was assumed

to change cyclically from 0�C to the maximum linear tem-

perature gradient, DT1max, over time as shown in Fig. 2. The

initial temperature of the notched pipe was assumed to be

20�C. As the notch was the primary concern, two variables

were considered. One was the stress concentration factor, Kt,

which was controlled by the notch root radius, r. The other

variable was the maximum temperature difference between

the inner and outer surfaces, DT1max. That is, DT1max was the

maximum linear temperature gradient. For the notched pipe,

three different values of Kt, Kt¼ 1.58, 1.77, and 1.97 were

considered, and four different values of DT1max,

DT1max¼ 110�C, 166�C, 221�C, and 277�C were used.

The two pipes were assumed to be made of TP304

austenitic stainless steel. Table 1 presents the thermal-

physical material properties versus temperature [21]. Table 2

presents mechanical strength variations vs. temperature

[21]. Fig. 3 shows a cyclic stressestrain curve of TP304

austenitic stainless steel at room temperature [22]. Cyclic

stressestrain curves at various temperatures were deter-

mined using the mechanical strength variations versus tem-

perature based on the cyclic curve at room temperature. The

nonlinear kinematic hardening constitutive law was used for

cyclic elastic-plastic FEA.

Table 1 e Thermal-physical material property variations versus temperature of TP304 austenitic stainless steel.

Property Temperature (�C)

20 100 150 200 250 300 350

Thermal conductivity (W/m�C) 14.8 16.2 17.0 17.9 18.6 19.4 20.1

Thermal diffusivity (m2/sec) 3.90 4.04 4.14 4.24 4.35 4.46 4.57

Elastic modulus (GPa) 195 189 186 183 179 176 172

Poisson ratio 0.31

Density (kg/m3) 8,030

Thermal expansion coefficient (�10e6 mm/mm�C) 15.30 16.02 16.56 17.10 17.46 17.64 17.82

Table 2 e Mechanical strength variations versus
temperature of TP304 austenitic stainless steel.

Strength (MPa) Temperature (�C)

e30 to 40 100 150 200 250 300 350

Yield 207 170 154 144 135 129 123

Tensile 517 485 456 442 437 437 437

Design stress intensity 138 138 138 129 122 116 111

Fig. 2 e Linear temperature gradient history.
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Fig. 4A depicts a finite element (FE) mesh for the stepped

pipe. Axis-symmetry conditions were fully utilized in the FE

models to reduce the computing time. Eight-node quadratic

axisymmetric elements with reduced integration (CAX8R

within ABAQUS) were used. A total of 24 elements were used

through the thickness. Such an FE mesh is believed to be

sufficiently fine for the present analysis. The number of ele-

ments for the stepped pipe was 3,972. Fig. 4B shows an FE

mesh for the notched pipe. CAX8R elements were used. A total

of 24 elements were used through the ligament of the notch.

The density of the FE mesh was believed to be sufficient to

reliably derive the strain concentration. The number of ele-

ments for the notched pipe was 12,468. ¼

3.2. Penalty factor calculation procedure

In order to calculate penalty factors such as Ke and Kn � Κn

from the FE analysis, an alternativemethodology presented in

the EN 13445 standard was utilized. Fig. 5 represents an

overview of the standard procedure [10, 11]. First, the equiv-

alent structural stress ranges, DsEq. (l), were derived via fully-

elastic stress analysis. Second, in order to calculate the total

Fig. 4 e Finite element meshes. (A) Stepped pipe.(B) Notched pipe.

Fig. 5 e Overview of the EN 13445 standard procedure for calculating Ke factor. Struc, XXX.

Fig. 3 e Cyclic stressestrain curve of 304 austenitic

stainless steel at RT (room temperature) [22].
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strain range (elastic plus plastic), DεT, elastic-plastic stress

analysis was implemented. Third, the total elastic-plastic

strain range was transformed into the stress range, Ds, by

multiplying it by the elastic modulus, E. Lastly, the Ke and Kn �
Κn factors were calculated by dividing Ds by Dseq,l as follows:

K0
e; Kn � Kn ¼ EDεT

DsEq: ð1Þ
(4)

In order to validate the procedure, Kn � Κn factors for a

nozzle under thermal cycle were calculated by applying the

standard procedure; and then, the factors were compared

with the previous study results [5]. The nozzle had an outer

radius transition from 99.2251 mm to 109.5375 mm, with the

inner radius unchanged at 86.5251 mm. The transition length

to thickness ratio was 3:1. The material properties used were

for typical stainless steel. Cyclic temperature variation ranges

were assumed to be from 93�C to 316�C. The comparison re-

sults are presented in Fig. 6, showing good agreement, espe-

cially between the two results from FE analysis. Eventually, it

was determined that the penalty factor calculation procedure

was valid.

Fig. 6 e Comparison of the present analysis results with

the Electric Power Research Institute (EPRI) analysis results

for a thin section of the nozzle under cyclic thermal cycling.

Eq., equation; FEA, finite element analysis.

Fig. 7 e Variations of the Ke factors vs. Sn according to the pmax of the strength even-match (MF¼ 1.0) stepped pipe with

various values of AR. (A) AR¼ 0.71. (B) AR¼ 0.85. (C) AR ¼ 1.0.
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Fig. 8 e Variations of the Ke factors versus Sn according to the AR of the strength even-match (MF¼ 1.0) stepped pipe with

various values of pmax. (A) pmax¼ 137.9 MPa. (B) pmax¼ 183.4 MPa. (C) pmax¼ 229.6 MPa. (D) pmax¼ 275.8 MPa. (E) pmax ¼
322.0 MPa.
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4. Parametric study to investigate effect of
weld strength over-match on the penalty factors

This section provides parametric study results for the stepped

pipe and the notched pipe. As the calculation procedure was

used for the stepped pipe, the Ke factors were derived. When

the calculation procedure was utilized for the notched pipe,

the Kn � Κn factors were calculated.

4.1. Effect of weld strength over-match on Ke

considering elastic follow-up

Fig. 7 shows the variations of the Ke factors versus Sn according

to the pmax of the strength even-match (MF¼ 1.0) stepped pipe

with the various values of AR (AR¼ 0.71, 0.85, and 1.0). As

shown in Fig. 7, the Ke factor increases with pmax. This is

because the increase of pmax may cause an increase in the

plastic strain.

The effect ofAR on theKe factors of the strength even-match

stepped pipe with various values of pmax (pmax¼ 137.9 MPa,

Fig. 9 e Variations of the Ke factors versus Sn according to

the MF of the stepped pipe with various combinations of

pmax and AR (pmax¼ 137.9 MPa, 183.4 MPa, 229.6 MPa,

275.8 MPa, and 322.0 MPa, AR¼ 0.55, 0.71, 0.85, and 1.0).

Fig. 10 e Variations of the Kn £ Κn factors versus Sp-lt according to the DT1max of the strength even-match (MF¼ 1.0) stepped

pipe with various values of Kt. (A) Kt¼ 1.58. (B) Kt¼ 1.77. (C) Kt ¼ 1.97.
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183.4 MPa, 229.6 MPa, 275.8 MPa, and 322.0 MPa) is depicted in

Fig. 8. The figure shows that the Ke factor increases with

decreasing AR. It can be inferred that this trend is due to the

strain concentration behavior, in which a reduction in area

results in a localized increase in plastic strain.

Fig. 9 shows the effect ofMF on the Ke factors of the stepped

pipe with the various combinations of pmax and AR

(pmax¼ 137.9 MPa, 183.4 MPa, 229.6 MPa, 275.8 MPa, and

322.0 MPa, AR¼ 0.55, 0.71, 0.85, and 1.0). As shown in Fig. 9, the

Ke factor decreases with increasingMF irrespective of pmax and

AR. The reason for this is that the yield strength increase due

to the increase of MF decreases the plastic strain on the eval-

uation point of the weld metal.

4.2. Effect of weld strength over-match on Kn � Κn

considering plastic strain redistribution and Poisson’s ratio
variation

Fig. 10 depicts variations of the Kn � Κn factors versus Sp-lt ac-

cording to theDT1max of the strength even-match notched pipe

Fig. 11 e Variations of the Kn £ Κn factors versus Sp-lt according to the Kt of the strength even-match (MF¼ 1.0) stepped pipe

with various values of DT1max. (A) DT1max¼ 110�C. (B) DT1max¼ 166�C. (C) DT1max¼ 221�C. (D) DT1max ¼ 277�C.

Fig. 12 e Variations of the Kn £ Κn factors versus Sp-lt
according to the MF of the stepped pipe with various

combinations of DT1max and Kt (DT1max¼ 110�C, 166�C,
221�C, and 277�C, Kt¼ 1.58, 1.77, and 1.97).
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with various values of Kt (Kt¼ 1.58, 1.77, and 1.97). As depicted

in Fig. 10, the Kn � Κn factor increases with DT1max. This is

because an increase in DT1max may cause the strain to

increase.

The effect of Kt on the Kn � Κn factors of the strength even-

match notched pipe with various values of DT1max

(DT1max¼ 110�C, 166�C, 221�C, and 277�C) is shown in Fig. 11.

The figure shows that the Kn � Κn factor increases with Kt. This

trend is due to the strain concentration behavior, in which

stress concentration results in a localized increase in the

plastic strain.

Fig. 12 shows the effect of MF on the Ke factors of the

notched pipe with various combinations of DT1max and Kt

(DT1max¼ 110�C, 166�C, 221�C, and 277�C, Kt¼ 1.58, 1.77, and

1.97). As shown in Fig. 12, the Ke factor decreases with

increasingMF irrespective of DT1max and Kt. The reason for this

is that the yield strength increase due to the increase of MF

decreases the plastic strain on the evaluation point of theweld

metal.

5. New penalty factor equations considering
weld strength over-match

This section presents new penalty factor equations derived

from the parametric study results for the stepped pipe and the

notched pipe that take into consideration weld strength over-

match.

5.1. Ke factor equations considering weld strength over-
match

The parametric study results in Fig. 9 were normalized by

dividing Sn by MF. The normalized results for the Ke factor are

shown in Fig. 13. From the normalized results, it was found

that the Ke analysis data reflecting elastic follow-up could be

consolidated by performing the normalizing process.

Accordingly, in this study, the following Ke factor equations

accounting for weld strength over-match were proposed by

substituting Sn in Eq. (1) into Sn/MF:

Ke ¼ 1:0; for Sn � 3MFSm

¼ 1:0þ ½ð1� nÞ=nðm� 1Þ� � ½Sn=ð3MFSmÞ � 1�;
for 3MFSm <Sn < 3mMFSm

¼ 1=n; for Sn � 3mMFSm

(5)

5.2. Kn � Κn factor equations considering weld strength
over-match

The Kn � Κn analysis data in Fig. 12 were normalized by

dividing Sp-lt by MF. Fig. 14 depicts the normalized results for

the Kn � Κn factor. As depicted in Fig. 14, dispersion of the Kn �
Κn analysis data, taking into account plastic strain redistribu-

tion and Poisson’s ratio variation, could be sharply reduced

via the normalizing process. Therefore, similar to the Ke fac-

tor, the following Κn and Kn factor equations that account for

weld strength over-match were derived:

Kn ¼1:4; for Sp >3MFSm and Sp�tb�lt � 3MFSm

¼ 1:0þ 0:4
�
Sp � 3MFSm

��ðStbþltÞ;
for Sp >3MFSm and Sp�tb�lt <3MFSm

¼ 1:0; for Sp � 3MFSm

(6)

Κn � Ke

Kn ¼ 1:0þ
"�

Sp�lt

Sn

�1�n
1þn

#�
Sp�lt � 3MFSm

Sp�lt

�
; for Sp�lt > 3MFSm

¼ 1:0; for Sp�lt � 3MFSm

(7)

Kn � Κn � Ke

6. Application of new penalty factor
equations to real weld

In order to assess the reduced conservatism of the proposed

equations, fatigue analyses using the new and existing

equations were performed for the pressurizer surge nozzle

shown in Fig. 15A [17]. The pressurizer surge nozzle, in which

a relatively high level of thermal stress occurs due to surge

flow, consisted of a pressurizer lower head, a surge nozzle, a

safe end, a surge pipe, a cladding, a dissimilar metal weld

Fig. 13 e The Ke analysis data normalized by dividing the

Sn by the MF.

Fig. 14 e The Kn £ Κn analysis data normalized by dividing

the Sp-lt by the MF.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 9 ( 2 0 1 7 ) 8 3 8e8 4 9 847

http://dx.doi.org/10.1016/j.net.2017.01.008
http://dx.doi.org/10.1016/j.net.2017.01.008


between the nozzle and the safe end, and a V-groove similar

metal weld between the safe end and the pipe. The dissimilar

metal weld included a buttering and a V-groove weld. The

lower head and the nozzle were made of low alloy steels

SA508 Gr.3 Cl.1 and SA541 Gr.3 Cl.1, respectively. The safe end

and the pipe were made of austenitic stainless steels SA182

F347 and SA182 TP347, respectively. Materials of the dissimilar

metal weld were nickel based alloy weld metals, SB168 alloy

82/182. The similar metal weld and the cladding were depos-

ited with austenitic stainless steel weld metals ER347/E347

and ER308L, respectively. Significant CUFswere derived on the

location of the similar metal welds, e.g., the weld between a

safe end and a surge pipe on some pressurizer surge nozzle in

a PWR [17]. The location is indicated in Fig. 15A.

An FE model consists of two-dimensional axis-symmetric

linear elements, as shown in Fig. 15B. Elastic FEA was con-

ducted for the level A and B transients such as heat-up, cool-

down, loss of load, and loss of flow causing fatigue damage.

CUFs of the similar metal weld location at the design lifetime

of 40 years were calculated using the elastic FEA results and

the various penalty factor equations in accordance with the

fatigue analysis procedure presented in ASME B&PV Code,

Section III, Subsection NB, NB-3200. In order to investigate the

effect of the weld strength over-match on the fatigue lifetime,

Table 3 e Variations of the alternating stress according to the applied penalty factor equations.

Reclassified
transients

Sp (MPa)/Sn
(MPa)

Sp-tb-lt (MPa)/
Stbþlt (MPa)

MF Ke Kn Kn ED
b/EA

c Salt (MPa)

ASME B&PV
Code,

Section III

Code Case
N-779

Present
Eqs. (5e7)

with each MF

F32-F1a 670.5883/553.5835 106.5247/564.0636 1 2.3620 1.1968 1.2901 1.13 894.9157 611.2816 611.2816

1.1 1.9351 1.1690 1.2191 553.7054

1.2 1.5794 1.1411 1.1481 501.4103

ASME, American Society of Mechanical Engineers; B&PV, boiler & pressure vessels.
a Reclassified transient pair for the CUF calculation presented in Roberts [17].
b Themodulus of elasticity given on the design fatigue curve in the ASME B&PV Code, Section III, Division 1, Appendices, Mandatory Appendix I.
c The modulus of elasticity used in the analysis.

Table 4 e Variations of the cumulative usage factor (CUF) according to the applied penalty factor equations.

Penalty factor equation Salt (MPa) ni
b (cycles)/Ni

c (cycles) CUF Relative difference 1d Relative difference 2e

ASME B&PV Code, Section III 894.9157 500/757 0.6605 d d

Code Case N-779a 611.2816 500/2805 0.1728 e73.0% d

Present Eqs. (5e7) with MF¼ 1.1 553.7054 500/4065 0.1230 e81.4% e31.0%

Present Eqs. (5e7) with MF¼ 1.2 501.4103 500/5968 0.0838 e87.3% e53.0%

ASME, American Society of Mechanical Engineers; B&PV, boiler & pressure vessels.
a The equation in the Code Case N-779 is equal to the one with MF¼ 1.0 derived from the present study.
b Occurrence number of the re-classified transient pair F32-F11 during the design lifetime 40 years presented in Roberts [17].
c Allowable cycle numbers of the reclassified transient pair.
d Relative difference 1¼ 100 � (each CUFeCUF by the ASME Code, Section III)/CUF by the ASME Code, Section III.
e Relative difference 2¼ 100 � (each CUFeCUF by the Code Case N-779)/CUF by the Code Case N-779.

Fig. 15 e Pressurizer surge nozzle. (A) Schematic configuration. (B) Finite element model.
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this study considered three different values of MF, MF¼ 1.0,

1.1, and 1.2.

Variations in the alternating stress according to the applied

penalty factor equations are presented in Table 3. F32-F11

means a reclassified transient pair for the CUF calculation

presented in Roberts [17]. The transient pair is a combination

of sole transients influencing fatigue damage. From Table 3, it

can be seen that the alternating stress calculated by the

equations in the Code Case N-779 was significantly less than

that calculated by the equations in the ASME B&PV Code,

Section III. The alternating stress decreased with increase of

the strength over-match degree MF as well. Table 4 presents

variations in the CUF according to the applied penalty factor

equations. From Table 4, it can be seen that the CUF derived

from the equations in Code Case N-779 decreased about 73%

more than that derived from the equations in the ASME B&PV

Code, Section III. The CUF also decreased with increasing

strength over-match degree MF. A 20% increase in the yield

strength of the weld metal vs. the base metal can reduce the

CUF by about 53%. Reflecting industrial practice to design and

manufacture nuclear components with weld strength over-

match, it can be inferred that additional safety margins exist

from the viewpoint of fatigue; also, using the proposed

equations can reduce over-conservatism in fatigue analysis

practice.

7. Conclusions

By investigating the effect of weld strength over-match on the

fatigue analysis results, the following findings were derived:

� Ke analysis data reflecting elastic follow-up can be consol-

idated by normalizing Sn to MF

� Dispersion of the Kn � Κn analysis data can be sharply

reduced by dividing Sp-lt by MF

� New penalty factor equations that account for weld

strength over-match were proposed in a classified form

similar to the revised equations presented in the Code Case

N-779

� CUF from Code Case N-779 significantly decreases, more

than that from the ASME B&PV Code

� CUF decreases with increasing strength over-match degree

MF

� Proposed equations can reduce over-conservatism in fa-

tigue analysis practice.
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