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a b s t r a c t

This paper presents fracture mechanics analysis results for various cracks located at pressurized water
reactor pressure vessel nozzle crotch corners taking into consideration constraint effect. Technical
documents such as the ASME B&PV Code, Sec.XI were reviewed and then a fracture mechanics analysis
procedure was proposed for structural integrity assessment of various nozzle crotch corner cracks under
normal operation conditions considering the constraint effect. Linear elastic fracture mechanics analysis
was performed by conducting finite element analysis with the proposed analysis procedure. Based on the
evaluation results, elastic-plastic fracture mechanics analysis taking into account the constraint effect
was performed only for the axial surface crack of the reactor pressure vessel outlet nozzle with cladding.
The fracture mechanics analysis result shows that only the axial surface crack in the reactor pressure
vessel outlet nozzle has the stress intensity factor exceeding the low bound of upper-shelf fracture
toughness irrespectively of considering the constraint effect. It is confirmed that the J-integral for the
axial crack of the outlet nozzle does not exceed the ductile crack initiation toughness. Hence, it can be
ensured that the structural integrity of all the cracks is maintained during the normal operation.
© 2021 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

In a reactor pressure vessel (RPV) in pressurized water reactors
(PWRs), reactor coolant (RC), reactor internals, and nuclear fuel
assembly are located on the vessel. Intended function of the RPV is
to maintain reactor coolant pressure boundary (RCPB). Failure of
the RPVmay cause significant release of radioactivematerials out of
the one and loss of coolant accident (LOCA) for the nuclear fuel
core. That is, the RPV is one of safety class I components in PWRs. It
is well-known that the RPVs may have experienced the embrit-
tlement of the ferritic steel due to neutron irradiation during long-
term operation. The embrittlement may change failure mode of the
RPV from ductile fracture to brittle fracture. Structural integrity of
the RPV should be ensured at normal operation transients such as
by Elsevier Korea LLC. This is an
heatup and cooldown as well as even pressurized thermal shock
(PTS) events. The RPV is operated within explicit pressure-
temperature (P-T) limits so as to ensure that acceptable safety
margins against failure are maintained during heatup and cool-
down, and pressure tests. The ASME B&PV Code, Sec.XI, Appen-
dices, Nonmandatory App.G provides a guideline for fracture
toughness criteria for protection against failure used for estab-
lishing the P-T limits [1]. The ASME B&PV Code, Sec.XI, Appendices,
Nonmandatory App.K also provides acceptance criteria and evalu-
ation procedures for determining acceptability for continued
operation of a RPV when the vessel metal temperature is in the
upper shelf range [2]. The United States (US) Nuclear Regulatory
Commission (NRC) issued the so called PTS-rulewhich establishes a
screening criterion based on the fracture toughness transition
temperature (RTNDT) of the steels in the RPV's beltline [3]. In addi-
tion, the US NRC issued the Regulatory Guide (RG) 1.154 giving an
outline of an acceptable format for the plant-specific PTS safety
analysis if the RPVs do notmeet the screening criterionwithin their
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Nomenclature

E elastic modulus (MPa)
EUS elastic modulus at TUS (MPa)
J J-integral (kPa.m)
J0.1 J-integral fracture resistance for the material at a

ductile flaw extension of 0.1 inch (kPa.m)
J1 J-integral evaluated at a pressure 1.15 times the

accumulation pressure as defined in the plant-
specific overpressure protection report, with a
structural factor of 1 on thermal loading for the
plant-specific heatup and cooldown conditions
(kPa.m)

JpIc ductile crack initiation toughness at the probability
limit (kPa.m)

JIc(288) ductile crack initiation toughness at the temperature
T ¼ 288 �C (kPa.m)

JR J-integral fracture resistance for the material (kPa.m)
JpX value of J at a specified amount of ductile crack

extension at the probability limit p (kPa.m)
K stress intensity factor (MPa.m0.5)
KIc low bound of static initiation fracture toughness

(MPa.m0.5)
KIa low bound of crack arrest fracture toughness

(MPa.m0.5)
KIapp applied stress intensity factor (MPa.m0.5)
KIm stress intensity factor corresponding to membrane

tension due to pressure for the postulated defect
(MPa.m0.5)

KIt maximum stress intensity factor produced by a radial
thermal gradient for the postulated defect (MPa.m0.5)

KJc K-equivalent of the value J measured at cleavage
crack initiation (MPa.m0.5)

Mp T-statistic multiplier for the lower bounding curves
as well as the standard normal distribution with a
mean of zero and a standard deviation of unity

RMSD values of root mean square deviation depending on
product form

RTNDT reference nil-ductility temperature (oC)
T temperature (oC)
T0 master curve index temperature (oC)
T0deep transition temperature T0 for a sufficiently deep crack

(oC)
TUS temperature at which the median KJc master curve

crosses the mean JIc upper shelf master curve (oC)
Tstress T-stress representing a stress parallel to the crack

faces at the crack tip (MPa)
a flaw depth including ductile flaw extension (mm)
f line load applied in the plane of crack propagation

and along the crack line (MN/m)

n outward normal to G
p probability limit
q unit vector in the virtual crack extension direction
s arbitrary point on the crack front
t2
0 traction perpendicular to plane of crack as shrinking

onto the crack tip (MPa)
u displacement vector (m)
x coordinate vector
Da amount of crack extension (mm)
DT temperature difference (oC)
G contour beginning on the bottom crack surface and

ending on the top surface
a thermal expansion coefficient (mm/mm.oC)
ε strain array (mm/mm)
ε33 extensional strain at the point s and is zero for plane

strain and plane stress (mm/mm)
n Poisson's ratio
s stress array (MPa)
vJ
va derivative of the J-integral over the flaw depth

derived for the load multiplied by the structural
factors of 1.25 and 1 on pressure and thermal loading
(kPa)

dJR
da derivative of JR over the flaw depth (the slope of the J-

R curve) at the corresponding J-integral resistance
value (kPa)

ABBREVIATIONS
ABWR advanced boiling water reactor
ASME American Society of Mechanical Engineers
B&PV boiler & pressure vessels
DVI direct vessel injection
DTA defect tolerance assessment
EPFM elastic-plastic fracture mechanics
FE finite element
FEA finite element analysis
LEFM linear elastic fracture mechanics
LOCA loss of coolant accident
LTOP low temperature overpressure
NPP nuclear power plant
NRC Nuclear Regulatory Commission
P-T pressure-temperature
PTS pressurized thermal shock
PWR pressurized water reactor
RC reactor coolant
RCPB reactor coolant pressure boundary
RG Regulatory Guide
RPV reactor pressure vessel
SIF stress intensity factor
US United States
WRC Welding Research Council
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licensing permit [4]. Although the App.G states a quantitative
evaluation of the fracture toughness requirements for nozzle, only
the evaluation for the beltline weld or the bottom head, which is
deemed to be embrittled due to relatively lots of neutron irradia-
tion doses, has been mainly performed [5e9].

The irradiation embrittlement may occur in the nozzles due to
the increase in core output of the latest nuclear power plants
(NPPs). In addition, because the nozzle corner cracks have different
constraint degree from the RPV beltline cracks, structural integrity
of the nozzle corner cracks may not be ensured even if the beltline
1727
cracks safely behave under the same operation conditions. At-
tempts have been made to increase the output of NPPs to improve
efficiency and economy. These attempts are accompanied by an
increase in the size of the RPV. This size increase can increase the
applied stress intensity factor (SIF) of cracks in the nozzles even
under normal operating conditions. Therefore, fracture evaluation
should be performed for the nozzle corner cracks using more
realistic fracture toughness values in consideration of the
constraint effect. Therefore, some researches for the structural
integrity of the nozzles have been performed [10e12]. Based on the
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linear elastic fracture mechanics (LEFM) approach, Siegele, et al.
assessed structural integrity of a German PWR RPV nozzle corner
cracks under LOCA conditions considering loss of constraint [10].
Yin et al. recommended a simplified closed-form LEFM solutions for
some nozzle corner cracks and proposed revision to the ASME
B&PV Code, Sec.XI, App.G [11]. Hirokawa et al. [12] calculated J-
integral using three-dimensional finite element analysis (FEA) and
performed defect tolerance assessment (DTA) using R6 [13] for
advanced boiling water reactor (ABWR) nozzle. However, these
studies did not consider plasticity [10,11], constraint effect [11], and
thermal loading [12].

The study performed fracture mechanics analysis of cracks
located at the PWR nozzle crotch corners subjected to the normal
operations including heatup and cooldown considering the
constraint effect. First, based on the review results about technical
documents such as the ASME B&PV Code, Sec.XI, a fracture me-
chanics analysis procedure was proposed to evaluate structural
integrities of the various nozzle corner cracks under the normal
operation loads in consideration of the constraint effect. Second, to
assess the structural integrities, LEFM analysis was conducted for
the cracks applying FEA and the proposed analysis procedure. Last,
only for the axial surface crack of the RPV outlet nozzle considering
cladding that the structural integrity is not maintained from the
LEFM analysis results, elastic-plastic fracture mechanics (EPFM)
analysis was performed.

2. Proposal of fracture mechanics analysis procedure
considering constraint effect

This section reviews the fracture mechanics analysis procedures
for structural integrity assessment of the RPV, presented in tech-
nical documents including the ASME B&PV Code, Sec.XI. Based on
the review results, a fracture mechanics analysis procedure
considering the constraint effect is presented.

2.1. Review of previous technical documents

It is known that the fracture toughness curves of ferritic steels
were first developed by Welding Research Council (WRC) in 1972
[14]. Based on the WRC study result, the ASME B&PV Code Com-
mittee issued various parts of the Code including the fracture
toughness curves in the early 1970s [1,15]. The ASME B&PV Code,
Sec.XI, Appendices, Nonmandatory App.A [15] presents two lower
bound fracture toughness curves for SA-533 Gr.B Cl.1, SA-508 Cl.2,
and SA-508 Cl.3 steels as follows:

KIc ¼ 36.5 þ 22.783 exp[0.036(T-RTNDT)] (1)

KIa ¼ 29.4 þ 13.675 exp[0.0261(T-RTNDT)] (2)

where KIc means the low bound of static initiation fracture tough-
ness; KIa means the low bound of crack arrest fracture toughness;
KIc and KIa are in units of MPa.m0.5; T is temperature (oC); and RTNDT
means reference nil-ductility temperature having unit of oC.

Wallin examined the irradiation damage effect on the shape of
the fracture toughness transition curve for ferritic steels based on
different cleavage fracture initiation models [16]. He found that the
curve shape is insensitive to irradiation and practically indepen-
dent of yield strength and composition, and temperature depen-
dence can be expressed with a single curve [16]. The master curve
approach to estimate RTNDT using the master curve index temper-
ature T0, based on theWallin's study result, has been brought in the
ASME B&PV Code, Code Case N-629 [17] and N-631 [18]. The ASME
B&PV Code, Code Cases N-629 and N-631 suggest the following
relation between RTNDT and T0:
1728
RTNDT ¼ T0 þ 19.4 �C (3)

EricksonKirk and EricksonKirk analyzed a database of upper-
shelf fracture toughness for ferritic steels and identified that the
temperature dependence of the upper-shelf fracture toughness is
consistent for all ferritic steels in the database [19]. EricksonKirk
and EricksonKirk tried to combine the Wallin's master curve [16]
for the transition toughness and the EricksonKirk's master curve
[19] for the upper-shelf toughness, and derived a model predicting
temperature dependence of fracture toughness of ferritic steels
throughout the transition and upper-shelf temperature regimes
[20]. Kirk et al. compared the prediction results between the frac-
ture toughness models used by the ASME B&PV Code and the
newer models using considerably more data, and found that the
models based on T0 produce consistent and quantifiable safety
margins across the data range and have a benefit that cannot be
obtained within the current framework based on RTNDT [21]. In
addition, they also showed the non-conservatism of the previous
RTNDT-based approach in some situations [21].

The ASME B&PV Code Committee issued the Code Case N-830-1
about direct use of fracture toughness for flaw evaluation of pres-
sure boundary materials in Class 1 ferritic steel components
including crack initiation fracture toughness KIc, crack arrest frac-
ture toughness KIa, and J-integral fracture resistance curves [22].
The ASME B&PV Code, Code Case N-830-1 presents the ductile
crack initiation and extension toughness as well as the cleavage
crack initiation toughness. Since the analysis target of this study is
in the upper shelf region, which is ductile crack initiation and
propagation region, only the ductile crack initiation and extension
toughness are presented in the subsection. The ductile crack initi-
ation toughness is expressed by the following equations:

JpIc ¼ Jmean
Ic � sDJIcMp$ðlower $ bound $ curvesÞ (4)

where,

Jmean
Ic ¼1:75

h
1033e�0:01023ðTþ273:15Þ �3:325

i
þ JcðUSÞ � DJIcðUSÞ

(5)

JcðUSÞ ¼
1� n2

EUS

h
30þ 70e0:019ð48:843�0:2015T0Þ

i2
(6)

DJIcðUSÞ ¼1:75
h
1033e�0:01023ðTUSþ273:15Þ � 3:325

i
(7)

EUS ¼
208455� 71:4TUS

1000
(8)

TUS ¼48:843þ 0:7985T0 (9)

sDJIc ¼A$eBðT�288Þ (10)

A¼9:03e1:12P (11)

B¼Min½0; ð0:0009P� 0:0045Þ� (12)

P¼Minf1;Max½0;MinðP1; P2Þ�g (13)

P1 ¼
JIcð288Þ
120

� 0:46 (14)
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P2 ¼
JIcð288Þ
800

þ 0:51 (15)

where JpIc is the ductile crack initiation toughness (kPa.m) at the
probability limit p; andMp is the T-statistic multiplier for the lower
bounding curves as well as the standard normal distribution with a
mean of zero and a standard deviation of unity, and has the value of
1.64 for the p ¼ 0.05. Using the p ¼ 0.05 means producing a 5%
lower bound curve. JIc(288) is derived by substituting the tempera-
ture T ¼ 288 �C into eq. (5). TUS is the temperature at which the
median KJc master curve crosses the mean JIc upper shelf master
curve. In addition, TUS may represent the onset of the upper shelf
temperature (oC). KJc means K-equivalent of the value Jmeasured at
cleavage crack initiation (MPa.m0.5).

The ductile crack extension toughness JpX , which defines the
value of J at a specified amount of ductile crack extension at the
probability limit p, is as follows [22]:

JpX ¼ elnðJmean
X Þ�Mp�RMSD$ðlower $ bound $ curvesÞ (16)

where,

Jmean
X ¼ C � Dan (17)

C¼1:604� Jmean
Ic (18)

n¼0:059� C0:36 (19)

X¼Da (20)

where JpX and Jmean
X have a unit of kPa.m, Da is an amount of crack

extension (mm). RMSDmeans values of root mean square deviation
depending on product form and has a value of 0.112 for the forging
(SA508).

The Code Case N-830-1 proposes using the following equation
to convert J into K:

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J$E

1� n2

r
(21)

E¼208455� 71:4T
1000

(22)

where values of K and J are expressed in MPa$m0.5 and kPa.m,
respectively. Values of temperature T are expressed in oC. E means
elastic modulus in units of GPa; and n means Poisson ratio.

As described the above, the Code Cases do not suggest the
change in fracture toughness according to the constraint effect.
Wallin proposed a method to consider the constraint effect on the
fracture toughness using a new parameter, Tstress, which represents
a stress parallel to the crack faces at the crack tip [23]. To quantify
the constraint effect on the fracture toughness, Wallin proposed the
following relation between the Tstress and the master curve index
temperature T0 [23]:

T0 z T0deep þ
Tstress

10MPa=�C
$ðfor $ Tstress $ < $0Þ (23)

where T0deep is the transition temperature T0 for a sufficiently deep
crack. Tstress can be calculated by using the following equations [24]:
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Tstress ¼ E
�
� IintðsÞ

f
þ nε33ðsÞ� xaDT

�
þ t02 (24)

Iint ¼ lim
G/0

ð
G

n$M$q dG (25)

M¼s : εLauxI � s$

�
vu
vx

�L

aux
� sL

aux$
vu
vx

(26)

where E ¼ E and x ¼1 for plane stress; E ¼E/(1-n2) and x ¼ 1 þ n for
plane strain, axisymmetry, and three dimensions; f is a line load
applied in the plane of crack propagation and along the crack line;
ε33 means the extensional strain at the point s and is zero for plane
strain and plane stress; s means an arbitrary point on the crack
front; a is the thermal expansion coefficient; DT is the temperature
difference; t2

0 is the traction perpendicular to plane of crack as
shrinking onto the crack tip; G is a contour beginning on the bottom
crack surface and ending on the top surface; n is the outward
normal to G; q is a unit vector in the virtual crack extension di-
rection; s and ε are stress and strain arrays, respectively; and u and
x are displacement and coordinate vectors, respectively. The
subscript ‘aux’ and the superscript ‘L’ represent an auxiliary solu-
tion and a line load, respectively.

From the above eq. (23), it can be seen that the T0 changes
dependently on the Tstress. According to eq. (9), TUS also changes
with T0. The fracture toughness depends on TUS and T0 as presented
in eq. (4)~(7). In conclusion, it can be inferred that the fracture
toughness changes with Tstress. In other words, the change in the
fracture toughness according to the constraint effect can be
considered with the introduction of Tstress.

In the ASME B&PV Code, there are three requirements that
suggest procedures for evaluating the structural integrity of a RPV
using fracture mechanics analysis. Among them, the design-related
requirement is the ASME B&PV Code, Sec.III, Appendices, Non-
mandatory App.G [25]. The App.G is the same as the ASME B&PV
Code, Sec.XI, Appendices, Nonmandatory App.G applied in the in-
service phase. In addition, those applicable only during the in-
service are the ASME B&PV Code, Sec.XI, Appendices, Non-
mandatory App.E [26] and App.K. The App.E provides acceptance
criteria and guidance for performing an evaluation of the effects of
an out-of-limit condition on the structural integrity of the RPV
beltline region. The subject of this study is to evaluate the structural
integrity of the RPV for anticipated operating events. Therefore, the
App.E was not reviewed in the study.

The App.G presents a procedure for obtaining the allowable
loadings for ferritic pressure-retaining materials in components.
The procedure is based on the principles of LEFM. The App.G has
been generally applied to establish the P-T limits of the RPV. The
App.G presents the equations providing the basis for determination
of the allowable pressure at any temperature at the depth of the
postulated defect during service conditions for which level A and B
service limits are specified. Using the following eq. (27), the
allowable pressure for any assumed rate of temperature change can
be determined throughout the life of the component at each
temperature:

KIapp ¼ 2KIm þ KIt< KIc (27)

where, KIapp is the applied SIF; KIm is the SIF corresponding to
membrane tension due to pressure for the postulated defect; and
KIt is the maximum SIF produced by a radial thermal gradient for
the postulated defect. From eq. (27), it can be found that a structural
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factor of 2 on pressure is applied. KIc is expressed in eq. (1) as the
low bound of static initiation fracture toughness. The KIc diagram
presented in the App.G is not specified in the region where the T-
RTNDT value exceeds about 60 �C.

The App.K provides acceptance criteria and evaluation proced-
ures for determining acceptability for continued operation of a RPV
when the vessel metal temperature is in the upper shelf range. The
methodology is based on the principles of EPFM. The following two
acceptance criteria for level A and B service loadings are presented
in the App.K:

J1 < J0.1 (28)

vJ
va

<
dJR
da

(29)

where, J1 is the J-integral evaluated at a pressure 1.15 times the
accumulation pressure as defined in the plant-specific overpressure
protection report, with a structural factor of 1 on thermal loading
for the plant-specific heatup and cooldown conditions; J0.1 is the J-
integral fracture resistance for the material at a ductile flaw

extension of 0.1 inches; vJ
va is the derivative of the J-integral over the

flaw depth derived for the load multiplied by the structural factors

of 1.25 and 1 on pressure and thermal loading, respectively; and dJR
da

is the derivative of JR over the flaw depth (the slope of the J-R curve)
at the corresponding J-integral resistance value. JR means the J-in-
tegral fracture resistance for the material. a is flaw depth including
ductile flaw extension.
2.2. A proposal of fracture mechanics analysis procedure
considering the constraint effect

Based on the results of reviewing the existing assessment pro-
cedures as described the above, a fracture mechanics analysis
procedure considering the constraint effect was proposed, which
was performed in the four steps as follows:

Step 1: Determination of fracture toughness
- Assume that the RTNDT is maintained at the initial value
of �23.3333 �C because the amount of neutron irradiation of
the RPV nozzles, which are targets of the study, is insignificant
compared to that of the RPV beltline weld.

- Assume that the calculated T0 value by substituting the RTNDT
into eq. (3) is the same as the T0deep in eq. (23).

- Calculating Tstress by performing FEA with the commercial FEA
program, ABAQUS [24], and by using eq. (24)~(26).

- Determine T0 by substituting the T0deep value and the Tstress
value into eq. (23)

- Determination of TUS by substituting the T0 value into eq. (9)
- Comparing the TUS and the temperature at the crack tip
derived through temperature analysis, the following two
methods are proposed:

� If the temperature at the crack tip is higher than the TUS, (For
this analysis, the temperature at the crack tip is always ex-
pected to be greater than TUS because the RTNDT will not
changewith the neutron irradiation dose due to the location
of the crack far from the nuclear fuel core.)
➢ Calculate JpIc (p ¼ 0.05) using eq. (4)~(15).
➢ Calculate KJIc by substituting the temperature at the crack

tip, the Poisson's ratio and the JpIc (p ¼ 0.05) into eqs. (21)
and (22).

➢ Determine Jp0:1 (p¼0.05) corresponding to Da ¼ 0.1
inch ¼ 2.54 mm using eq. (16)~(20).
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➢ Calculate KJc0:1 by substituting the temperature at the

crack tip, the Poisson's ratio and the Jp0:1 (p ¼ 0.05) into
eqs. (21) and (22).

� If the temperature at the crack tip is less than the TUS,
calculate KIc by eq. (1).

Step 2: Calculation of total SIFs
- The temperature at the crack tip is always expected to be
higher than the TUS value, so the cracks are expected to behave
more ductile rather than brittle.

- The structural factor 2 for pressure in the App. G is taken into
account for brittle fracture caused by low temperature over-
pressure (LTOP), but it is too conservative to use the structural
factor of 2 because the temperature at the crack tip is not low
enough to cause brittle fracture in the study.

- Therefore, linear elastic FEA is performed individually for
pressure and thermal loads, and then SIFs are calculated using
the structural factor value for pressure presented in the
assessment procedure of the App. K. (According to the App. K,
the structural factor is 1.15 or 1.25 for pressure and 1 for
temperature. In the study, conservatively, the factor of 1.25 for
pressure and 1 for temperature is taken.)

- Calculate the total SIFs according to the following equation:

KIapp ¼ 1.25KImþ KIt (30)

Step 3: Preliminary fracture analysis based on LEFM
- Evaluate the structural integrity of the cracks from the view-
point of LEFM according to the following acceptance criteria:

KIapp $ $< $KJIcðif the temperature at the crack tip is higher

than the TUSÞ (31)

KIapp < KIc (if the temperature at the crack tip is less than the
TUS) (32)

- The above criteria should be satisfied to ensure the structural
integrity from viewpoint of LEFM.

- If the temperature at the crack tip is higher than TUS and eq. (31)
is not satisfied, proceed to the step 4.

- If the temperature at the crack tip is less than TUS, eq. (31) should
be satisfied.
Step 4: Final fracture analysis based on EPFM

- Calculate applied J-integrals by performing elastic-plastic FEA
for all loads.

- Evaluate the structural integrity of the cracks using the
following acceptance criterion:

Japp $ $< $JpIcðp¼ 0:05Þ (33)
- The above criterion should be satisfied to ensure the structural
integrity from viewpoint of EPFM.

- If the above criterion is not satisfied, assess the structural
integrity in terms of ductile fracture according to the acceptable
criteria given in the App. K (eqs. (28) and (29)).
3. Fracture mechanics analysis considering constraint effect

This section presents the fracture mechanics analysis results
applying the proposed analysis procedure to two kinds of cracks



Table 1
Geometry of each RPV nozzle.

Nozzle RPV inlet nozzle RPV outlet nozzle RPV DVI nozzle

Outer diameter (mm) 928.62 1287.53 323.85
Thickness (mm) 77.72 104.78 29.68
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existing in some RPV nozzles.

3.1. Analysis targets

A total of 18 analysis targets were assessed. Three RPV nozzles
were considered: an inlet nozzle, an outlet nozzle, and a direct
vessel injection (DVI) nozzle. The component in which the nozzles
to be evaluated are located is the RPV of the Advanced Power
Reactor (APR) 1400. Fig. 1 shows a schematic configuration of each
RPV nozzle. Table 1 presents geometry of each RPV nozzle. It was
assumed that the nozzles had a circumferential crack or an axial
crack. The cracks were assumed to be part-circular cracks, and were
assessed in three types as follows:

Surface crack considering cladding
Surface crack not considering cladding
Subclad crack

Ratio of the crack width to the crack depth is 1:1 (part-circular
cracks). The crack locations were at the nozzle edge. The crack
center points were located at the tip of the nozzle corners, and the
crack center axeswere set to be located on the shortest section lines
Fig. 1. Schematic configurations of three RPV nozzles: (a) RPV i
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of the nozzle corners. The crack depths were assumed to be 25% of
the lengths of the section lines. The crack depth ratio of 25% is the
same as that presented in the App. G.

The RPV and nozzles were made of a forged low alloy steel,
SA508 Gr.3 Cl.1, and the cladding material was ER304L. Fig. 2 shows
variations of thermal-physical material properties with tempera-
ture for each material determined using the data presented in the
ASME B&PV Code, Sec.II, Part.D [27]. Densities were set as 7750 kg/
m3 and 8030 kg/m3 for the SA508 Gr.3 Cl.1 and the ER304L
regardless of temperature. Specific heat of each material can be
calculated from the thermal conductivity and thermal diffusivity
presented in Fig. 2 (a) and (b), and the density. The Poisson's ratios
were set as 0.3 and 0.31 for the SA508 Gr.3 Cl.1 and the ER304L
regardless of temperature. In addition, material properties related
to plastic behaviour such as yield strength-plastic strain are
nlet nozzle, (b) RPV outlet nozzle, and (d) RPV DVI nozzle.



Fig. 2. Variations of thermal-physical material properties with temperature for each material: (a) thermal conductivity, (b) thermal diffusivity, (c) elastic modulus, and (d) mean
coefficient of thermal expansion.
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required for elastic-plastic FEA. Fig. 3 depicts variation of the yield
strength-plastic strain curve with temperature for each material
[28,29].

Evaluated transitions were a series of heatup-steady state-
cooldown. Outer surfaces of the RPV and nozzles were assumed to
be insulated because the outer surfaces were surrounded by insu-
lating materials. On the other hand, RC in contact with the inner
surfaces of the RPV and nozzles changes with time as shown in
Fig. 4. In the study, the temperature of the inner surfaces was
assumed to be the same as that of the RC. Also, the variation of
pressure vs. time is applied on the inner surfaces, as shown in Fig. 4.
The values presented in the design specification [30] were used for
the temperature and pressure in the steady state shown in Fig. 4.
The final times at steady state and stop were determined as the
time points when there was no change in the temperature distri-
butions through temperature analysis. There are no external loads
on the outer surfaces. Fig. 5 depicts constraint conditions for FE
fracture mechanics analysis of the analysis targets. As depicted in
the figure, as a part of the simplification for efficient calculation, the
analysis targets were assumed to be symmetrical with respect to
the x-y plane. As the symmetrical condition, the half-section of the
RPV was constrained to the z-axis displacement. All the displace-
ments in the three directions on a lower end of the RPV were fixed,
and an upper end was constrained to the displacements only in the
1732
x-axis and z-axis directions. In the cases of surface cracks with or
without cladding consideration, the pressure was applied to both
sides of the crack surfaces, and the end-cap pressures were applied
to the nozzle ends in the axial direction of the nozzles. In the cases
of the subclad cracks, there was no pressure applied to the crack
surfaces, but the end-cap pressures were applied to the nozzle ends
in the axial direction of the nozzles.

3.2. Finite element modeling

Themainly used finite element (FE) was C3D20R [24], which is a
20-node quadratic brick element with reduced integration, and the
FE near the crack tip was modeled as a singular element to better
simulate the singularity during elastic behaviour. Far from the crack
tip where elastic behaviour is expected, C3D10 [24], which is a 10-
node quadratic tetrahedron element, was used in some regions that
are far from the crack tip and expected to exhibit elastic behaviour.
It is well-known that the tetrahedron element can simulate the
elastic behviour reliably enough. In addition, use of the FE has little
effect on calculation of the fracturemechanics parameters such as K
and J-integral because the FE was used in the regions far from the
crack tip. In the LEFM analysis, singular elements with intermediate
nodes located at 1/4 points were used so that the FEs near the crack
tip had a singularity of 1/r0.5. The FEs near the crack tip for the EPFM



Fig. 3. Variation of the yield strength-plastic strain curve with temperature for each
material: (a) SA508 Gr.3 Cl.1 and (b) ER304L.

Fig. 4. Change in temperature and pressure of the RC over time d
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analysis were singular elements with mid-side nodes having 1/r
singularity. r means radial distance in the polar coordinate system
where the origin is located at the crack tip.

Fig. 6 shows FE models of the axial surface cracks and the axial
subclad cracks at the RPV inlet nozzle corner. Fig. 7 depicts FE
models of the axial surface cracks and the axial subclad cracks at
the RPV outlet nozzle corner. Fig. 8 shows FE models of the axial
surface cracks and the axial subclad cracks at the RPV DVI nozzle
corner.

Fig. 9 depicts FE models of the circumferential surface cracks
and the circumferential subclad cracks at the RPV inlet nozzle
corner. Fig. 10 shows FE models of the circumferential surface
cracks and the circumferential subclad cracks at the RPV outlet
nozzle corner. Fig. 11 depicts FE models of the circumferential
surface cracks and the circumferential subclad cracks at the RPV
DVI nozzle corner.

Table 2 presents numbers of node and element for the 18
analysis target FE models.
3.3. Liner elastic fracture mechanics analysis results

LEFM analysis was performed on a total of the 18 analysis tar-
gets. First, thermal conduction-based temperature analysis was
performed using ABAQUS to derive temperature fields near the
crack tip during the transitions. Second, to calculate Tstress at the
deepest points of the cracks, LEFM analysis was conducted for the
total load, in which both 1.25 times the pressure and the thermal
load acted simultaneously, using ABAQUS and the temperature
analysis results. Third, using the Tstress value and the step 1 of the
proposed analysis procedure, TUS and KJIc at the deepest points of
the cracks were calculated for the total load during the transitions.
Forth, using ABAQUS and the temperature analysis results, linear
elastic fracture mechanics analysis for the pressure and the thermal
load was performed individually, and the SIF (KIm and KIt) for each
load was calculated. Fifth, total SIFs, KIapp, at the deepest points of
the crackswere derived by substituting the SIF for each load into eq.
(30). Last, the structural integrity of the cracks was evaluated via
applying eq. (31) (comparing the KIapp with the KJIc ).

Fig. 12 shows the temperature histories at the deepest points of
the surface cracks considering the cladding, compared with TUS. As
uring the normal operation (heatup-steady state-cooldown).



Fig. 5. Constraint conditions for FE fracture mechanics analysis of the RPV nozzles.

J.-S. Kim, J.-M. Seo, J.-Y. Kang et al. Nuclear Engineering and Technology 54 (2022) 1726e1746
shown in Fig. 12, it is found that the temperature at the deepest
crack tip, Tcrack tip, is larger than TUS in all the cases as expected.
Therefore, it can be inferred to exhibit ductile fracture behaviour.

Fig. 13 compares the Tstress histories at the deepest points of
three axial cracks in three nozzles. As shown in the figure, it is
found that variations of Tstress with. time are generally similar for all
the cases and have negative values overall. Fig. 14 compares the
Tstress histories at the deepest points of three circumferential cracks
in three nozzles. As shown in the figure, it is identified that varia-
tions of Tstress with time for the circumferential cracks are generally
similar to those for the axial cracks. In the cases of the subclad
circumferential cracks of the RPV inlet and outlet nozzles, Tstress has
a positive value at some times, while the other circumferential
cracks always have negative Tstress values.

In order to secure the reliability of fracture mechanics analysis
results, path independence of fracture mechanics parameters
should be checked. Fig. 15 presents variations of the calculated J-
integral value for each integration path in the LEFM analysis for the
RPV inlet nozzle partial-circular surface cracks without cladding. As
shown in the figure, it is identified that the J-integral value is almost
constant regardless of the integration path. The same procedure
was performed for the other cracks to confirm the reliability of the
analysis solution.

Fig. 16 compares the total SIF, KIapp, histories at the deepest
points of the axial part-circular cracks in the three RPV nozzles
during the transients depending on the cladding presence. In
addition, the KIapp histories of the subclad cracks are presented
together. From the figure, it can be identified that the KIapp values of
the subclad cracks are smaller than those of other surface cracks
due to the nature of the embedded crack; no pressure is applied to
the crack surface and the crack opening closed by the cladding. And,
the effect of the cladding is insignificant on KIapp. The trend is the
same for all the nozzles. Fig. 17 compares the KIapp histories at the
deepest points of the circumferential part-circular cracks in three
RPV nozzles during the transients. As depicted in the figure, it is
identified that the trends of the circumferential part-circular cracks
are the same as those of the axial part-circular cracks. It can be seen
that the KIapp values of the circumferential cracks are relatively
small, when compared with those of the axial cracks presented in
Fig. 16. This is because the pressure-induced axial stress, which has
a major effect on circumferential cracking, is about one half of the
pressure-induced hoop stress having a major effect on axial
cracking.

Fig. 18 shows the LEFM analysis results of the axial part-circular
surface cracks in three nozzles considering the cladding. As shown
in the figure, irrespectively of the constraint effect, the total SIF,
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KIapp, at the deepest point of the axial crack in the RPV DVI nozzle
does not exceed the low bound of upper-shelf fracture toughness,
KJIc ; over whole transients. On the contrary, KIapp at the deepest
point of the axial crack in the RPV outlet nozzle exceeds KJIc in the
middle stage of the cooldown irrespectively of the constraint effect.
For the axial crack in the RPV inlet nozzle, KIapp exceeds KJIc in the
middle stage of the cooldown only when the constraint effect isn't
taken into account. Table 3 compares the KIapp and the KJIc values of
the two axial surface cracks when the former exceeds the latter
during the transitions. The degree of excess is also presented ac-
cording to considering the constraint effect. From the table, it is
found that in the case of the axial surface cracks in the RPV outlet
nozzle (considering the cladding), the degree of excess is 0.07%
when the constraint effect is taken into account. On the contrary,
not considering the constraint effect, the degree of excess increases
to 5.15%. In the case of the axial surface cracks in the RPV inlet
nozzle (considering the cladding), the KIapp does not exceed the KJIc
when the constraint effect is taken into account, and not consid-
ering the constraint effect, the degree of excess increases to 4.01%.
The reason why the LEFM analysis results for the axial cracks differ
depending on the nozzle is as follows: The hoop stress due to
pressure, which significantly affects the axial crack, is proportional
to the ratio of diameter to thickness. When the ratio is calculated
using the values in Table 1, the ratio of the outlet nozzle is the
largest and the DVI nozzle has the smallest ratio. Therefore, it is
judged that it is because the applied SIFs are calculated to be large
in the order of the outlet nozzle, the inlet nozzle, and the DVI
nozzle.

Fig. 19 depicts the LEFM analysis results of the circumferential
part-circular surface cracks in the three nozzles considering the
cladding. Unlike the axial cracks, the KIapp at the deepest points of
the circumferential cracks in all the nozzles do not exceed the KJIc ;

all over the transients. The reason is that the hoop stress due to
pressure, which has a major effect on the SIFs of axial cracks, is
twice as large as the axial stress due to pressure, which has a major
effect on those of circumferential cracks. In terms of LEFM, all the
circumferential cracks always maintain structural integrity.

For the circumferential cracks in all the RPV nozzles and the
axial crack in the RPV DVI nozzle, the structural integrity can be
ensured without performing EPFM analysis.
3.4. Elastic-plastic fracture mechanics analysis results

Considering the constraint effect, there is only one crack for
which the structural integrity from the viewpoint of the LEFM
cannot be ensured. The axial surface crack in the RPV outlet nozzle



Fig. 6. FE models of the axial surface cracks and the axial subclad cracks at the RPV inlet nozzle corner: (a) axial surface and subclad part-circular cracks considering cladding and
(b) axial part-circular surface crack not considering cladding.
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did not satisfy the acceptance criterion, eq. (31), as shown in Fig. 18
and Table 3. EPFM analysis was performed only on the axial part-
circular surface crack in the RPV outlet. That is, no circumferen-
tial cracks were assessed in the EPFM analysis. The axial cracks in
the RPV inlet and DVI nozzles were not also evaluated in the EPFM
analysis.

The temperature analysis and the calculation of the Tstress are the
same as those presented in Section 3.3. Low bound of ductile crack
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initiation toughness, JpIc (p ¼ 0.05), at the deepest point of the axial
crack was calculated using the temperature analysis result, the
Tstress, and eq. (4)~(15). Total J-integral, Japp, at the deepest point of
the crack under the total load was derived by performing the EPFM
analysis by using ABAQUS and the temperature analysis results.
Last, the structural integrity of the crack was evaluated via applying
eq. (32) (comparing the Japp with the JpIcðp ¼ 0:05Þ).

Fig. 20 shows the EPFM analysis result of the axial part-circular



Fig. 7. FE models of the axial surface cracks and the axial subclad cracks at the RPV outlet nozzle corner: (a) axial surface and subclad part-circular cracks considering cladding and
(b) axial part-circular surface crack not considering cladding.
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Fig. 8. FE models of the axial surface cracks and the axial subclad cracks at the RPV DVI nozzle corner: (a) axial surface and subclad part-circular cracks considering cladding and (b)
axial part-circular surface crack not considering cladding.
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Fig. 9. FE models of the circumferential surface cracks and the circumferential subclad cracks at the RPV inlet nozzle corner: (a) circumferential surface and subclad part-circular
cracks considering cladding and (b) circumferential part-circular surface crack not considering cladding.

J.-S. Kim, J.-M. Seo, J.-Y. Kang et al. Nuclear Engineering and Technology 54 (2022) 1726e1746

1738



Fig. 10. FE models of the circumferential surface cracks and the circumferential subclad cracks at the RPV outlet nozzle corner: (a) circumferential surface and subclad part-circular
cracks considering cladding and (b) circumferential part-circular surface crack not considering cladding.
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Fig. 11. FE models of the circumferential surface cracks and the circumferential subclad cracks at the RPV DVI nozzle corner: (a) circumferential surface and subclad part-circular
cracks considering cladding and (b) circumferential part-circular surface crack not considering cladding.
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Table 2
Numbers of node and element for the 18 analysis target FE models.

Crack direction Nozzle Cladding Crack location No. of total nodes No. of total elements No. of quadratic hexahedral elements No. of tetrahedral elements

Axial Inlet w/o cladding Surface 121,559 39,845 20,506 19,339
with cladding Surface 150,520 46,481 27,142 19,339

Sub-surface 150,520 46,481 27,142 19,339
Outlet w/o cladding Surface 133,303 45,179 21,605 23,574

with cladding Surface 120,016 58,127 27,127 31,000
Sub-surface 120,016 58,127 27,127 31,000

DVI w/o cladding Surface 122,014 48,294 15,955 32,339
with cladding Surface 152,702 55,128 22,799 32,339

Sub-surface 152,702 55,128 22,799 32,339
Circumferential Inlet w/o cladding Surface 163,631 37,646 29,364 8,282

with cladding Surface 226,765 53,605 41,812 11,793
Sub-surface 279,806 66,880 52,166 14,714

Outlet w/o cladding Surface 118,114 26,192 20,430 5,762
with cladding Surface 102,553 22,688 17,697 4,991

Sub-surface 113,536 25,226 19,676 5,550
DVI w/o cladding Surface 255,512 59,000 46,020 12,980

with cladding Surface 172,755 40,014 31,211 8,803
Sub-surface 173,434 40,122 31,295 8,827

Fig. 12. Temperature histories at the deepest points of the surface cracks considering
the cladding and comparing to the TUS: (a) axial cracks and (b) circumferential crack.
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surface crack in the RPV outlet nozzle considering the cladding. As
shown in the figure, it can be seen that the Japp for the total load
does not exceed the JpIcðp¼ 0:05Þ all over the transients. In the case
of the axial crack in the RPV outlet nozzle, which is considered to
have the greatest excess degree from the LEFM analysis results, it
can be confirmed from the EPFM analysis results for the crack that
the structural integrity is maintained. In addition, it can be inferred
that the structural integrity is ensured even for the axial crack of
the RPV inlet nozzle, which has less excess degree than that of the
outlet nozzle in the LEFM analysis.
4. Conclusions

As a result of confirming the structural integrity during the
normal operation transients (heatup-steady state-cooldown) for
the axial and circumferential cracks in the RPV nozzle corners, the
following findings were derived:

For all the axial and circumferential cracks, the Tstress at the
deepest points of the cracks were overall negative over time
during the transients,
For all the nozzles, the total SIFs at the deepest points of the
axial cracks are greater than those of the circumferential cracks,
which are calculated by summing 1.25 times the SIFs due to the
pressure and 1 times those by the thermal load,
In both the axial and circumferential cracks, the total SIFs of the
subclad cracks are less than those of the surface cracks, and the
influence of cladding consideration on those of the surface
cracks is insignificant,
As a result of the LEFM analysis, taking into account the
constraint effect, only the axial surface crack in the RPV outlet
nozzle has the total applied SIF exceeding the low bound of
upper-shelf fracture toughness during the transients. Not
considering the constraint effect, the degree of excess is
increased due to decrease of the fracture toughness,
As a result of the EPFM analysis on the axial surface crack of the
RPV outlet nozzle, which does not meet the allowable criterion



Fig. 13. Comparison of the Tstress histories at the deepest points of the three axial part-
circular cracks in the three nozzles: (a) inlet nozzle, (b) outlet nozzle, and (c) DVI
nozzle.

Fig. 14. Comparison of the Tstress histories at the deepest points of the three circum-
ferential part-circular cracks in the three nozzles: (a) inlet nozzle, (b) outlet nozzle, and
(c) DVI nozzle.

J.-S. Kim, J.-M. Seo, J.-Y. Kang et al. Nuclear Engineering and Technology 54 (2022) 1726e1746

1742



Fig. 15. Variations of the calculated J-integral value for each integration path in the
LEFM analysis for the RPV inlet nozzle partial-circular surface cracks without cladding:
(a) axial crack and (b) circumferential crack.

Fig. 16. Comparison of the total SIF, KIapp, histories at the deepest points of the axial
part-circular cracks in the three RPV nozzles during the transients: (a) inlet nozzle, (b)
outlet nozzle, and (c) DVI nozzle.
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Fig. 17. Comparison of the total SIF, KIapp, histories at the deepest points of the
circumferential part-circular cracks in the three RPV nozzles during the transients: (a)
inlet nozzle, (b) outlet nozzle, and (c) DVI nozzle.

Fig. 18. LEFM analysis results of the axial part-circular surface cracks in the three
nozzles considering the cladding: (a) inlet nozzle, (b) outlet nozzle, and (c) DVI nozzle.
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Table 3
Comparison of the two parameters for the axial surface cracks in the RPV inlet and outlet nozzles considering the cladding when the total applied SIFs exceed the lower bounds
of upper-shelf fracture toughness during the transients.

Nozzle Total applied SIF (MPa.m0.5)
(A)a

Low bound of upper-shelf fracture toughness
(MPa.m0.5)b

Degree of excess (%) Maximum total applied SIF
(MPa.m0.5)e

w/o constrain effect
(B)

with constraint effect
(C)

w/o constraint effect
(D)c

with constraint effect
(E)d

Inlet 184.79 177.67 186.05 4.01 �0.86 187.01
Outlet 186.83 177.67 186.71 5.15 0.07 188.74

Note.
a The total applied SIFs are the values at the time 43,205 s (This is the time when the total applied SIFs exceed the low bounds of upper-shelf fracture toughness.)
b The low bounds of upper-shelf fracture toughness are the values at the time 43,205 s.
c D ¼ 100 � (A-B)/B.
d E ¼ 100 � (A-C)/C.
e The maximum total applied SIFs are the values at the time 47,119 s.

Fig. 19. LEFManalysis resultsof thecircumferentialpart-circular surfacecracks inthethree
nozzles considering the cladding: (a) inlet nozzle, (b) outlet nozzle, and (c) DVI nozzle.

Fig. 20. EPFM analysis result of the axial part-circular surface crack in the RPV outlet
nozzle considering the cladding.
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in the LEFM analysis, the total J-integral does not exceed the
ductile crack initiation toughness all over the transients,
Finally, it is judged that the structural integrity of all the cracks
will be maintained during the normal operation.
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