
lable at ScienceDirect

Nuclear Engineering and Technology 52 (2020) 2918e2927
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Simplified elastic-plastic analysis procedure for strain-based fatigue
assessment of nuclear safety class 1 components under severe seismic
loads

Jong-Sung Kim a, *, Jun-Young Kim b

a Department of Nuclear Engineering, Sejong University, 209, Neungdong-ro, Gwangjin-gu, Seoul, Republic of Korea
b Department of Nuclear Engineering, Graduate School, Sejong University, 209, Neungdong-ro, Gwangjin-gu, Seoul, Republic of Korea
a r t i c l e i n f o

Article history:
Received 3 April 2020
Received in revised form
17 April 2020
Accepted 10 May 2020
Available online 16 May 2020

Keywords:
Simplified elastic-plastic analysis procedure
Severe seismic loads
Penalty factor
Fatigue assessment
Strain calculation
Nuclear safety class 1 components
* Corresponding author.
E-mail address: kimjsbat@sejong.ac.kr (J.-S. Kim).

https://doi.org/10.1016/j.net.2020.05.008
1738-5733/© 2020 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

This paper proposes a simplified elastic-plastic analysis procedure using the penalty factors presented in
the Code Case N-779 for strain-based fatigue assessment of nuclear safety class 1 components under
severe seismic loads such as safety shutdown earthquake and beyond design-basis earthquake. First, a
simplified elastic-plastic analysis procedure for strain-based fatigue assessment of nuclear safety class 1
components under the severe seismic loads was proposed based on the analysis result for the simplified
elastic-plastic analysis procedure in the Code Case N-779 and the stress categories corresponding to
normal operation and seismic loads. Second, total strain amplitude was calculated directly by performing
finite element cyclic elastic-plastic seismic analysis for a hot leg nozzle in pressurizer surge line subject to
combined loading including deadweight, pressure, seismic inertia load, and seismic anchor motion, as
well as was derived indirectly by applying the proposed analysis procedure to the finite element elastic
stress analysis result for each load. Third, strain-based fatigue assessment was implemented by applying
the strain-based fatigue acceptance criteria in the ASME B&PV Code, Sec. III, Subsec. NB, Article NB-3200
and by using the total strain amplitude values calculated. Last, the total strain amplitude and the fatigue
assessment result corresponding to the simplified elastic-plastic analysis were compared with those
using the finite element elastic-plastic seismic analysis results. As a result of the comparison, it was
identified that the proposed analysis procedure can derive reasonable and conservative results.
© 2020 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 response to these events, nuclear regulatory bodies such as the
Nuclear safety class components should be satisfied with the
requirements for all service levels limit including level A, B, C and D
which are specified in the ASME (American Society of Mechanical
Engineers) B&PV (Boiler and Pressure Vessels) Code, Section III [1].
Service level D includes faulted conditions such as pipe rupture
loads and safety shutdown earthquake (SSE) having frequency of
occurrence of less than 10�4/reactor year and greater than 10�6/
reactor year [2]. The 1994 version of the ASME B&PV Code, Sec.III
[3] considered fatigue as one of plausible failure mechanisms for
the service level D, but after the version, fatigue has been not
treated as the damage mechanisms to be considered until the latest
version [1].

It has been reported that some beyond design-basis earthquakes
(BDBEs) have occurred in nuclear power plants [4,5]. So, in
by Elsevier Korea LLC. This is an
United States Nuclear Regulatory Commission (US NRC) and the
Japanese National Security Council (NSC) issued guidelines for
seismic design or re-evaluation considering BDBE and plastic strain
[6,7]. In addition, the International Atomic Energy Agency (IAEA)
categorized BDBE as design extended condition (DEC) [8]. The
ASME B&PV Code Committee has organized working groups
related to BDBE [9,10]. Recently, some studies [11-17] have per-
formed strain-based seismic evaluation of nuclear safety class 1
components after occurrence of BDBEs. The experimental studies
[11-13] identified that fatigue is a principal failure mechanism of
nuclear components subject to severe seismic loads such as SSE and
BDBE whereas the design codes [1] does not require fatigue
assessment for the severe seismic loads. Nakamura et al. performed
a series of inelastic benchmark and parametric analyses on the tests
of pipe elbows and piping systems made of carbon and austenitic
stainless steels to investigate reliability and variability of finite
element (FE) elastic-plastic analysis [14,15]. They found that dy-
namic FE seismic analysis may be very sensitive to the analysis
variables. Based on the inelastic benchmark and parametric
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Nomenclature

E modulus of elasticity
Ke penalty factor for primary stress and secondary

membrane stress ranges
Ke’ overall elastic-plastic strain concentration factor
Kn plastic strain redistribution factor in notch for

secondary bending stress range caused by linear
through-wall thermal gradient

Kse penalty factor for primary stress and secondary
membrane stress ranges caused by seismic anchor
motion

Ksn plastic strain redistribution factor in notch for
secondary bending stress range caused by seismic
anchor motion

Ksn Poisson's ratio factor for secondary local stress range
caused by seismic anchor motion

Kn Poisson's ratio factor for secondary local stress range
N number of cycles of dynamic load
Q isotropic hardening parameter of the Chaboche

hardening model
Sa stress intensity range calculated by the combination

of the terms in eqs.(2)~(4)
Sa(N) allowable stress amplitude for N cycles of load
Salt alternating stress (¼one-half of the stress intensity

range Sa)
Slt local thermal stress intensity range
Sn range of primary plus secondary stress intensity
Sm design stress intensity
Sp total stress intensity range
Sp-lt total stress intensity range excluding local thermal

stresses
Sp-sb-sp total stress intensity range excluding the secondary

bending and secondary peak stresses due to seismic
anchor motion

Sp-sp total stress intensity range excluding the secondary
peak stresses due to seismic anchor motion

Sp-tb-lt total stress intensity range excluding thermal
bending and local thermal stresses

Ssb secondary bending stress intensity range due to
seismic anchor motion

Ssbþsp secondary bending plus secondary peak stress
intensity range due to seismic anchor motion

Ssp secondary peak stress intensity range due to seismic
anchor motion

Stb thermal bending stress intensity range
Stbþlt thermal bending plus local thermal stress intensity

range
TF triaxiality factor
A factor to adjust the fatigue curves of Appendix I to

obtain a factor of safety of 2 against failure
B isotropic hardening parameter of the Chaboche

hardening model
c1, c2, c3 kinematic hardening parameters of the Chaboche

hardening model
n strain hardening exponent given in Table NB-

3228.5(b)-1
m material parameter given in Table NB-3228.5(b)-1
g1, g2, g3 kinematic hardening parameters of the Chaboche

hardening model
εxx, εyy, εzz normal strains in the axial directions given in each

subscript
εxy, εyz, εzx shear strains in the axial directions given in each

subscript
(εalt)max maximum total equivalent strain amplitude
(εeq)max maximum total equivalent strain
s0 kinematic hardening parameter of the Chaboche

hardening model
s1, s2, s3 principal stresses
svon von Mises effective stress

Abbreviations
ASME American Society of Mechanical Engineers
BDBEs beyond design-basis earthquakes
B&PV boiler & pressure vessels
DEC design extended condition
E-W east-west
FE finite element
FEA finite element analysis
IAEA International Atomic Energy Agency
JSME Japan Society of Mechanical Engineers
NSC National Security Council
N-S north-south
PGA peak ground acceleration
SSE safety shutdown earthquake
US NRC United States Nuclear Regulatory Commission
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analysis results, the Japan Society of Mechanical Engineers (JSME)
issued a Code Case in the framework of JSME Nuclear Codes and
Standards to incorporate a seismic design evaluation methodology
for piping by means of advanced elastic-plastic response analysis
methods and strain-based fatigue criteria [16]. The JSME Code Case,
NN-CC-008 [16] requires strain calculation for fatigue assessment.
The ASME B&PV Code Committee has been developing a Code Case
Nxxx specifying alternative rules for level D service limits of class 1,
2, and 3 piping systems [17]. The Code Case proposes strain-based
acceptance criteria for reversing dynamic loads (e.g., SSE) not
required to be combined with non-reversing dynamic loads.
However, the Code Case does not present strain and stress triaxi-
ality calculation procedures.

Under severe seismic loads, nuclear components may be sub-
jected to low cycle fatigue due to high loadmagnitude. Plastic strain
may occur in the low cycle fatigue region. Elastic-plastic analysis is
needed to accurately simulate plastic strain. However, elastic-
plastic analysis is not only very sensitive to analysis variables but
also requires much more data than elastic analysis. Hence, due to
these drawbacks, nuclear industries have generally performed
elastic stress analysis for various transients and then evaluated
fatigue lifetime using the elastic stress analysis results. However,
the elastic stress analysis cannot consider the plastic strain.
Therefore, ASME B&PV Code Committee has devised a simple
elastic-plastic analysis procedure to increase the stress amplitude
by multiplying a penalty factor to the elastic stress analysis results.
In the ASME B&PV Code, Sec.III, a prerequisite for fatigue analysis is
that the primary-plus-secondary stress intensity range should not
exceed 3Sm, where Sm is the design stress intensity [1,18]. If the
stress intensity range exceeds this limit, the Code provides the
simplified elastic-plastic analysis approach for fatigue evaluation.
The simplified elastic-plastic analysis procedure can easily calculate
the alternating stress intensities considering plastic effect bymeans
of penalty factors and elastic stress analysis results. However, the
Code does not specify that the simplified elastic-plastic analysis
procedure can apply to level D service limits [1,18]. Kim et al.



J.-S. Kim, J.-Y. Kim / Nuclear Engineering and Technology 52 (2020) 2918e29272920
proposed 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 [19]. There are
no technical bases specifying a simplified elastic-plastic analysis
procedure applicable to fatigue assessment of level D services and
no relevant studies have been conducted.

This paper presents a strain-based simplified elastic-plastic
analysis procedure for fatigue assessment of nuclear safety class 1
components subjected to severe seismic loads and its application to
a hot leg nozzle in pressurizer surge line under combined loading
including seismic inertia load, seismic anchor motion, deadweight,
and pressure. In order to derive the strain-based simplified elastic-
plastic analysis procedure, the simplified elastic-plastic analysis
procedure in the Code Case N-779 and the stress categories cor-
responding to normal operation and seismic loads were reviewed.
Based on the review results, the strain-based simplified elastic-
plastic analysis procedure, was proposed to calculate the total
strain amplitude for strain-based fatigue assessment of nuclear
safety class 1 components under severe seismic loads. A reference
total strain amplitude value was determined via performing dy-
namic FE cyclic elastic-plastic seismic analysis for the hot leg
nozzle. In addition, static FE elastic stress analyses for deadweight,
pressure, and seismic anchor motion, and dynamic FE elastic stress
analysis for seismic inertia load were performed for the hot leg
nozzle. Then, a total strain amplitude was calculated using the
proposed analysis procedure and each finite element analysis (FEA)
result. Strain-based fatigue assessment was performed for the
detailed analysis and the simplified elastic-plastic analysis. Validity
of the proposed analysis procedure was verified via comparing the
total strain amplitude and the fatigue assessment result for the
simplified elastic-plastic analysis with those for the detailed FE
elastic-plastic seismic analysis.

2. Proposal of stain-based simplified elastic-plastic analysis
procedure

This section summarizes and analyses the simplified elastic-
plastic analysis procedure and penalty factor equations presented
in ASME B&PV Code, Section III, Code Case N-779. In addition, stress
categories corresponding to deadweight, pressure, seismic inertia
load and seismic anchor motion are classified. Finally, the section
proposes a simplified elastic-plastic analysis procedure based on
the analysis and classification results.

2.1. ASME B&PV code, Section III, Code Case N-779 [18]

Design fatigue curves in the ASME B&PV Code, Sec.III should be
used in fatigue assessment of nuclear safety-related components.
The design fatigue curves were obtained by multiplying elastic
modulus by the strain amplitude-fatigue life cycle curves derived
from strain-controlled fatigue tests [20]. That is, the design fatigue
curves have the appearance of stress amplitude-fatigue life cycle
curve, but have the nature of strain amplitude-fatigue cycle curve.
Plastic strainmay occur in low cycle fatigue region. The ASME B&PV
Code, Sec.III introduced a simplified elastic-plastic analysis pro-
cedure including the penalty factors to reflect this plastic strain in
elastic analysis results, as presented in the ASME B&PV Code, Sec.III,
NB-3228.5 [21]. The simplified elastic-plastic analysis procedure is
too conservative because it does not take into account differences
in stress redistribution characteristics according to stress cate-
gories. In order to mitigate this excessive conservatism, the ASME
B&PV Code Committee published Code Case N-779. The following
requirements 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:

A. The component meets the requirements of subparagraphs (a),
(c), (d), (e), and (f) of NB-3228.5.

B. The value of Salt used for entering the design fatigue curve is
one-half of the stress intensity range Sa calculated by the com-
bination of the terms in C, D and E below.

Salt ¼ 0.5Sa ¼ 0.5(KeSp-tb-ltþΚnKnStbþΚnSlt) (1)

Sp-tb-lt ¼ total stress intensity range excluding thermal bending and
local thermal stresses.

Stb ¼ thermal bending stress intensity range
Slt ¼ local thermal stress intensity range

C. The total stress intensity ranges, excluding both thermal
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) as follows:

Ke¼ 1.0, for Sn�3Sm

¼1.0þ[(1-n)/n(m-1)]�(Sn/3Sm-1)

for 3Sm< Sn<3mSm

¼ 1/n, for Sn�3mSm (2)

Sn ¼ 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.

D. The local thermal stress range is multiplied by a factor Κn for
Poisson's ratio effects:

Kn¼ 1.4, for Sp > 3Sm and Sp-tb-lt � 3Sm

¼ 1.0 þ 0.4(Sp-3Sm)/(Stbþlt),

for Sp > 3Sm and S p-tb-lt <3Sm

¼1.0, for Sp� 3Sm (3)

and Kn � Ke

Sp ¼ total stress intensity range
Stbþlt ¼ thermal bending plus local thermal stress intensity
range

E. The thermal bending stress range caused by linear through-wall
thermal gradients is multiplied by a factor Κn as defined in (4)
above for Poisson's ratio effects, and a factor Kn as defined below
for plastic strain redistribution at local discontinue-ties (such as
notches):

Kn ¼ 1.0þ{(Sp-lt/Sn)
(1�n)/(1þn)-1}

{(Sp-lt-3Sm)/Sp-lt}, for Sp-lt > 3Sm

¼1.0, for Sp-lt � 3Sm (4)

and Kn�Kn � Ke

Sp-lt ¼ total stress intensity range exclude-ing local thermal
stresses
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F. As an alternative to (2) through (5) above, an overall elastic-
plastic strain concentration factor Ke’ can be deter-mined
directly from an elastic-plastic analysis of the component and
the load case under consideration. Ke’ is defined as the ratio of
the numerically maximum principal strain range from the
elastic-plastic analysis to that from the elastic analysis. The
resulting Ke’ can be applied to other load cases with an elasti-
cally predicted stress range less than or equal to the elastic stress
range of the load case used to derive Ke’. The value of Salt used for
entering the design fatigue curve is multiplied by Ke’.

Ke, Kn, 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 redistribution effect in a notch for sec-
ondary bending stress range caused by linear through-wall thermal
gradient.

From eq. (1), it can be identified that Ke is multiplied by total
stress intensity range excluding thermal bending and local thermal
stresses, Kn�Kn is multiplied by thermal bending stress intensity
range, and Κn is multiplied by local thermal stress intensity range.
From eqs. (2)~(4), it can be found that Ke is a function of primary
plus secondary stress intensity range, Κn is a function of total stress
intensity range, thermal bending plus local thermal stress intensity
range, and total stress intensity range excluding thermal bending
and local thermal stresses, and Kn is a function of primary plus
secondary stress intensity range and total stress intensity range
excluding local thermal stresses. Thermal stresses can be classified
as secondary stress having the basic characteristics of self-limiting.
That is, thermal bending stresses and local thermal stresses can be
classified as secondary bending stress and secondary peak stress,
respectively.
2.2. Strain-based simplified elastic-plastic analysis procedure

Seismic events may occur during the normal operation state
with deadweight and pressure. In addition, the seismic loads can be
classified into seismic inertia load and seismic anchor motion.
Deadweight, pressure and seismic inertia load are classified as
primary stress having the basic characteristics of not self-limiting,
while seismic anchor motion has the basic characteristics of sec-
ondary stress being self-limiting.

Replacing the thermal bending and local thermal stress terms in
the simplified elastic-plastic analysis procedure in the ASME B&PV
Code, Sec.III, Code Case N-779 with secondary bending and sec-
ondary peak stresses, respectively, using the stress categorization
results derived by classifying the loads acting during the seismic
event, and then simply dividing the alternating stress by the elastic
modulus, the following simplified elastic-plastic analysis procedure
for strain-based fatigue assessment of nuclear safety class 1
component under the severe seismic loads can be obtained:

(εalt)max ¼ Salt / E (5)

Salt ¼ 0.5(KseSp-sb-sp þ KsnKsnSsb þ KsnSsp) (6)

Kse ¼ 1.0, for Sn�3Sm

¼ 1.0þ[(1-n)/n(m-1)]�(Sn/3Sm-1)

for 3Sm < Sn < 3mSm

¼ 1/n, for Sn�3mSm (7)
Ksn ¼ 1.4, for Sp > 3Sm and Sp-sb-sp � 3Sm

¼ 1.0 þ 0.4(Sp-3Sm)/(Ssbþsp)

for Sp > 3Sm and Sp-sb-sp < 3Sm

¼ 1.0, for Sp � 3Sm (8)

and Ksn � Kse

Ksn ¼ 1.0þ{(Sp-sp/Sn)
(1�n)/(1þn)-1}

{(Sp-sp-3Sm)/Sp-sp}, for Sp-sp > 3Sm

¼ 1.0, for Sp-sp � 3Sm (9)

and Ksn� Ksn � Kse

where (εalt)max is the maximum total equivalent strain amplitude,
which will be used for strain-based fatigue assessment of nuclear
safety class 1 components subject to the severe seismic loads. E is
elastic modulus. Kse is the penalty factor for primary stress and
secondary membrane stress ranges caused by seismic anchor mo-
tion, Ksn is the penalty factor that takes into consideration the
Poisson's ratio effect for secondary local stress range caused by
seismic anchor motion, Ksn is the penalty factor that considers the
plastic strain redistribution effect in a notch for secondary bending
stress range caused by seismic anchor motion. Sp is the total stress
intensity range including deadweight, pressure, seismic inertia
load, and seismic anchor motion, Sn is the total stress intensity
range excluding peak stresses, which means range of primary plus
secondary stress intensity, Sp-sb-sp is the total stress intensity range
excluding the secondary bending and secondary peak stresses due
to seismic anchor motion, Ssb is the secondary bending stress in-
tensity range due to seismic anchor motion, Ssp is the secondary
peak stress intensity range due to seismic anchor motion, Ssbþsp is
the secondary bending plus secondary peak stress intensity range
due to seismic anchor motion, and Sp-sp is the total stress intensity
range excluding the secondary peak stresses due to seismic anchor
motion.

3. Application of the stain-based simplified elastic-plastic
analysis procedure

This section gives details of an application target. In addition,
the dynamic FE time history elastic-plastic seismic analysis pro-
cedures and results performed to obtain a reference total strain
amplitude value are presented. The application results of the strain-
based simplified elastic-plastic analysis procedure to the target are
presented. Finally, the fatigue assessment results using the calcu-
lated total strain amplitude and the strain-based acceptance
criteria are presented.

3.1. Application example

A hot leg surge nozzle in pressurizer surge line was selected as
the application target. Fig. 1 shows a schematic configuration of the
target. The pressurizer lower head, hot leg reactor coolant piping
and, surge nozzle are made of low alloy steel, SA 508 Gr.3 Cl.1, and
the safe end and surge line piping are made of austenitic stainless
steel, SA 312 TP316. The surge line is supported by three snubbers
S1Z, S2Y, and S3X, a sway strut R1Z and a pressurizer skirt, and
connected to the hot leg at the hot leg surge nozzle.

Table 1 presents physical and mechanical properties including
elastic modulus, density, Poisson's ratio, mechanical strengths, and



Fig. 1. Schematic configuration of the pressurizer surge line and the hot leg surge nozzle: (a) pressurizer surge line and (b) hot leg surge nozzle.
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uniform elongation of thematerials at 316 �C [22,23]. The Chaboche
hardening model was utilized in the study [24]. Table 2 presents
Chaboche combined hardening model parameters of the materials
at 316 �C [23]. Density of reactor coolant at 316 �C and 15 MPa is
assumed to be 0.69 g/cm3 [25].

Seismic loads corresponding to peak ground acceleration (PGA)
0.6 g and 1.2 g were applied to supports the supports in Fig. 1 (R1Z,
S3X, S2Y, S1Z). The PGA 0.6 g is twice the PGA 0.3 g corresponding
to SSE of South Korea nuclear power plants. Fig. 2 depicts
displacement time histories at the supports by the seismic inertia
corresponding to 0.6 g. E-W and N-S mean east-west and north-
south, respectively. The displacement time histories do not
include the seismic anchor motions presented in Fig. 3. The target is
subject to inner pressure, 15 MPa.



Table 1
Physical and mechanical properties of SA 508 Gr.3 Cl.1 and SA 312 TP316 at 316 �C.

Material SA508 Gr.3 Cl.1 SA312 TP316

Elastic modulus 184.1 GPa 175.4 GPa
Density 7.75 g/cm3 8.03 g/cm3

Poisson's ratio 0.3 0.31
Yield strength 427.5 MPa 155.6 MPa
Ultimate tensile strength 620.1 MPa 455.4 MPa
Uniform elongation 0.112 mm/mm 0.325 mm/mm
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A hybrid FE model consisting of continuum and beam elements,
shown in Fig. 4, was used. Continuum elements were applied to
areas where plasticity is expected to occur due to high stress and
strain, and beam elements were applied to areas expected to have
elastic behavior.

3.2. Dynamic FE time history elastic-plastic seismic analysis

Dynamic FE time history elastic-plastic seismic analysis was
carried out using an implicit version of a commercial FEA program,
ABAQUS [26] and the Chaboche combined hardening model. Non-
linear geometric option was applied to consider large deforma-
tion effect. Automatic time increment control was used, having the
maximum time increment, 0.005 s, equal to time increment of the
displacement time histories. In performing dynamic FE elastic-
plastic analysis, the total displacement histories calculated by lin-
early combining the seismic inertia displacements in Fig. 2 and the
seismic anchor motion displacements in Fig. 3 were used. In the
analysis for PGA 1.2 g, the displacement time histories were
determined by doubling the displacement time histories of PGA
0.6 g.
Table 2
Chaboche combined hardening model parameters of SA 508 Gr.3 Cl.1 and SA 312 TP316

SA 508 Gr.3 Cl.1 Isotropic hardening parameters Q (MPa)
220

Kinematic hardening parameters s0 (MPa) C1 (MP
222 21000

SA 312 TP316 Isotropic hardening parameters Q (MPa)
143.4

Kinematic hardening parameters s0 (MPa) C1 (MP
99.2 90800

Fig. 2. Displacement time histories at the supports of the pressur
Fig. 5 shows the total equivalent strain distribution corre-
sponding to 0.6 g at the time of occurrence of the maximum value
(11.51 s). As shown in the figure, it can be seen that the maximum
total equivalent strain occurs at the outer surface in safety end of
the hot leg nozzle. In addition, the maximum value occurs at 159�

counterclockwise with respect to the positive x-axis. The point was
selected as the fatigue assessment point.

Fig. 6 shows the time history of each total strain component at
the maximum total equivalent strain generation location. εxx, εyy,
and εzz represent the normal strains in the axial directions given in
each subscript. εxy, εyz, and εzx represent the shear strains in the
axial directions given in each subscript. These strain components
were utilized as input data for the fatigue assessment.
3.3. Application of the strain-based simplified elastic-plastic
analysis procedure

Static FE elastic stress analysis was performed separately for the
deadweight, the pressure, and the seismic anchor motions using
the ABAQUS. In addition, dynamic FE elastic seismic analysis was
carried out for the seismic inertia loads using the ABAQUS. In order
to calculate the penalty factors such as Ke, Kn, and Kn from the FEA
results, the strain-based simplified elastic-plastic analysis proced-
ure proposed in subsection 2.2 was utilized.

Table 3 presents application results of the strain-based simpli-
fied elastic-plastic analysis procedure. From the table, it is identi-
fied that all the penalty factors for the PGA 0.6 g are less than 1.9
whereas the Ke for the PGA 1.2 g are greater than 3.0, and the
maximum total equivalent strain amplitude is 0.2549% and 0.8713%
for PGA 0.6 g and 1.2 g, respectively.
at 316 �C.

b
0.5

a) g1 C2 (MPa) g2 C3 (MPa) g3
0 2000 42000 400 5500 10

b
20.9

a) g1 C2 (MPa) g2 C3 (MPa) g3
927 15690 1365 5310 1

izer surge line by the seismic inertia corresponding to 0.6 g.



Fig. 3. Displacement time histories at the supports of the pressurizer surge line by the
seismic anchor motion corresponding to 0.6 g: (a) E-W direction, (b) vertical direction,
and (c) N-S direction.

Fig. 4. Hybrid FE model of the pressurizer surge line.
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4. Fatigue assessment

This section compares the strain-based fatigue assessment
procedure of the ASME B&PV Code, Sec.III, Subsec.NB, Article NB-
3200 [3] with the one of the ASME B&PV Code, Sec.III, Code Case
Nxxx [17]. In this section, a strain-based fatigue assessment pro-
cedure is proposed based on the comparison result. In addition, this
section presents the fatigue assessment results using the detail FE
elastic-plastic seismic analysis and the simplified elastic-plastic
analysis.
4.1. Strain-based fatigue assessment procedure

The 1994 version of the ASME B&PV Code, Sec.III, Subsec.NB,
NB-3200 presented the following strain-based acceptance criteria:
(εalt)max< Sa(N)/(E·N
0.5) (10)

where Sa(N) is an allowable stress amplitude for N cycles of load
and can be obtained from Figure I-9.1 or I-9.2 of the ASME B&PV
Code, Sec.III Appendices, Mandatory Appendix I [27]. N is number
of cycles of dynamic load.

The ASME B&PV Code, Sec.III, Code Case Nxxx specifying alter-
native rules for the level D service limits proposes the following
strain-based acceptance criteria for reversing dynamic loads not
required to be combined with non-reversing dynamic loads:

(TF)·(εeq)max � Sa(N)(a/E) (11)

TF ¼ (s1þs2þs3)/ svon (12)

where (εeq)max is a maximum equivalent strain, TF is a triaxiality
factor and a is a factor to adjust the fatigue curves of Appendix I to
obtain a factor of safety of 2 against failure. The “a” factor has a
value of 2.3 for carbon steel and one of 1.5 for austenitic steel [17].
s1, s2, and s3 are principal stresses, and svon is a von Mises effective
stress.

From the above summary results, it can be found that both
procedures use strains. The former lowers the acceptance criteria
value by dividing a stress amplitude of the specific fatigue cycle by a
square root of the corresponding number of cycles, while the latter
considers the triaxiality factor and the fatigue curve adjustment
factor. That is, the former does not consider the triaxility factor. The
triaxiality factor may greatly vary over time during seismic loads.
Also, because the von Mises effective stress is located in the de-
nominator of the factor, it is very sensitive to FE model and analysis
procedure. Seismic loads are representative non-proportional
loads. There is very little research on how to determine the
representative triaxiality factor. The latter does not provide any
procedure for determining the triaxiality factor. The former is much
simpler than the latter because of not considering the triaxiality
factor. For this reason, the former is much easier to apply and has
much less uncertainty in analysis than the latter. Based on these
review results, the procedure presented in the 1994 version of the
ASME B&PV Code, Sec.III, Subsec.NB, NB-3200 was utilized as a
strain-based fatigue assessment procedure for the present study.
The fatigue cycle number, N was considered in two cases, 10 cycles
and 20 cycles.



Fig. 5. Total equivalent strain distribution corresponding to 0.6 g at the time of occurrence of the maximum value (11.51 s).
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4.2. Fatigue assessment results

For the strain-based fatigue assessment using the dynamic FE
time history elastic-plastic analysis results, maximum total equiv-
alent strain amplitude was calculated from the total strain histories
presented in Fig. 6 as follows:

(εalt)max ¼ 1/(3√2)[(Dεxx-Dε yy)2þ(Dε yy-Dεzz)2þ (Dεzz-
Dεxx)2 þ1.5(Dε2xy þDε2yz þDε2zx)]0.5 (13)

where, D means increment of the corresponding total strain
component at the times at which the maximum and minimum
values of the total equivalent strain were derived considering di-
rection of the maximum total principal strain.

Table 4 presents the maximum total equivalent strain ampli-
tudes calculated using the dynamic FE time history elastic-plastic
analysis results. Table 5 presents the fatigue assessment results
using the dynamic FE time history elastic-plastic analysis result.
From these tables, it can be found that the maximum total equiv-
alent strain amplitudes are 0.2439% and 0.5782% for PGA 0.6 g and
1.2 g, respectively. In addition, the strain-based criteria are satisfied
for all cases.

The fatigue assessment results using the strain-based simplified
elastic-plastic analysis procedure are presented in Table 6. From the
table, it is identified that the case of PGA 1.2 g and N ¼ 20 cycles is
not satisfied with the strain-based criteria whereas the other cases
are satisfied.
5. Comparisons and discussions

The comparison results are presented in Table 7, showing
reasonable good agreement between the detailed FE elastic-plastic
seismic analysis results and the simplified elastic-plastic analysis
results. From the table, it is found that the simplified elastic-plastic
analysis procedure yields the maximum total equivalent strain
amplitude value that is about maximum 50.7% larger than the
detailed FE elastic-plastic seismic analysis, and the excess degree of
the simplified elastic-plastic analysis procedure increases with
increasing the PGA. The safety margin for PGA 0.6 g is similar in
both the analyses, indicating that the simplified elastic-plastic
analysis procedure yields a slightly conservative evaluation re-
sults. In addition, it can be seen from the safety margin for the PGA
1.2 g that the conservatism of the simplified elastic-plastic analysis
procedure increases. The reason is that the stress components not
only almost linearly increase about 2 times, but the Ke factor also
increases from1.879 to 3.333when the PGA is doubled from0.6 g to
1.2 g as shown in Table 3. Eventually, it can be determined that the
strain-based simplified elastic-plastic analysis procedure was valid
from the viewpoint of conservative assessment, which is very
important for design of nuclear safety-related components.

In general, the FE elastic-plastic seismic analysis requires many
input data and is sensitive to such input data. So, it can be difficult
for nuclear industries to apply the FE elastic-plastic seismic analysis
to design of nuclear components from the viewpoint of engineering
application. On the contrary, the simplified elastic-plastic analysis
procedures using elastic analysis results are relatively easier to
apply to the design. It is recommended that the simplified elastic-
plastic analysis procedure be applied to the design because it re-
sults in reasonably conservative results as well as its ease in
application.
6. Conclusions

By performing the study about simplified elastic-plastic analysis
applicable to seismic design of nuclear safety class 1 components
under the severe seismic loads, the following conclusions were



Fig. 6. Total strain histories at the maximum total strain generation location: (a) normal strains (0.6 g), (b) shear strains (0.6 g), (c) normal strains (1.2 g), and (d) shear strains (1.2 g).

Table 3
Maximum total equivalent strain amplitudes calculated by applying the strain-based simplified elastic-plastic analysis procedure.

N m E (MPa) Sm (MPa)

0.30 1.70 175,400 117.08

PGA (g) Sn (MPa) Sp (MPa) Sp-sb-sl (MPa) Ssbþsl (MPa) Sp-sl (MPa) Ssb (MPa) Ssl (MPa) Kse Ksn Ksn Salt (MPa) (εalt)max (%)
0.6 443.9 488.6 434.7 54.4 478.8 44.6 10.2 1.879 1.4 1.011 447.1 0.2549
1.2 887.7 977.2 869.3 108.9 957.5 89.2 20.4 3.333 1.4 1.041 1528.2 0.8713

Table 4
Maximum total equivalent strain amplitudes calculated using the dynamic FE time history elastic-plastic seismic analysis results.

PGA (g) Max./Min. Time (sec) εxx (%) εyy (%) εzz (%) εxy (%) εyz (%) εzx (%) (εalt)max (%)

0.6 Maximum 11.52 �0.2962 0.3891 �0.0274 0.1694 �0.0509 �0.2608 0.2439
Minimum 0.005 0.0158 �0.0690 0.0367 �0.0156 �0.0019 �0.0176

1.2 Maximum 11.52 �0.7733 0.9537 �0.0812 0.3674 �0.2187 �0.6978 0.5782
Minimum 0.005 0.0157 �0.0688 0.0366 �0.0155 �0.0019 �0.0177

Table 5
The strain-based fatigue assessment results using the dynamic FE time history elastic-plastic seismic analysis results.

PGA (g) Max. total equivalent strain (εeq)max (%) Elastic modulus
E (MPa)

Allowable stress amplitude
Sa(N) (MPa)

Acceptance criteria value
Sa(N)/(E·N

0.5) (%)
Safe/Fail

N ¼ 10 cycles N ¼ 20 cycles N ¼ 10 cycles N ¼ 20 cycles N ¼ 10 cycles N ¼ 20 cycles

0.6 0.2439 195,000 6000 4800 0.973 0.778 Safe Safe
1.2 0.5782 195,000 6000 4800 0.973 0.778 Safe Safe
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Table 6
The strain-based fatigue assessment results using the strain-based simplified elastic-plastic analysis procedure.

PGA (g) Max. total equivalent strain (εeq)max (%) Elastic modulus
E (MPa)

Allowable stress amplitude
Sa(N) (MPa)

Acceptance criteria value
Sa(N)/(E·N

0.5) (%)
Safe/Fail

N ¼ 10 cycles N ¼ 20 cycles N ¼ 10 cycles N ¼ 20 cycles N ¼ 10 cycles N ¼ 20 cycles

0.6 0.2549 195,000 6000 4800 0.973 0.778 Safe Safe
1.2 0.8713 195,000 6000 4800 0.973 0.778 Safe Fail

Table 7
Comparison of the maximum total equivalent strain amplitude and the fatigue assessment results between the simplified elastic-plastic analysis and the detailed FE elastic-
plastic seismic analysis.

Analysis method Max. total equivalent strain (εeq)max (A) (%) Acceptance criteria value
Sa(N)/(E·N

0.5) (B) (%)
Safety marginNote)

(C) (%)

N ¼ 10 cycles N ¼ 20 cycles N ¼ 10 cycles N ¼ 20 cycles

Detailed FE elastic-plastic seismic analysis 0.6 g 0.2439 0.973 0.778 74.93 68.65
1.2 g 0.5782 0.973 0.778 40.58 20.53

Simplified elastic-plastic analysis 0.6 g 0.2549 0.973 0.778 73.80 67.24
1.2 g 0.8713 0.973 0.778 10.45 �11.99

Note) C ¼ 100 x (B-A)/B.
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derived:

A simplified elastic-plastic analysis procedure for strain-based
fatigue assessment is proposed to evaluate structural integrity
of nuclear safety class 1 components subject to severe seismic
loads,
In case of the hot leg surge nozzle, as comparing with the
detailed FE elastic-plastic seismic analysis, the proposed
simplified elastic-plastic analysis procedure can be recom-
mended as a suitable procedure to be applied at the desig[1e27]
n because of the reasonably conservative results and ease of
application.
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