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One of the major degradation mechanisms in a nuclear power plant structural or mechanical
component is the neutron embrittlement of the irradiated steel component. High energy neutrons
change the microstructure of the steel, so the steel loses its fracture toughness. This neutron
embrittlement increases the risk of the brittle fracture. Meanwhile, the reactor pressure vessel
support is exposed in low temperature with high neutron irradiation environment which is an
unfavorable condition for the fracture failure. In this study, the failure assessment of a reactor
pressure vessel support was conducted using the fitness-for-service failure assessment diagram of
API 579-1/ASME FFS-1(2016, API) with quantifying the structural margin under the maximum
irradiation and extreme load events.

Two interrelated studies were conducted. For the first investigation, the current analytical
methods were reviewed to estimate the embrittled properties, such as fracture toughness and the
yield strength incorporates the low irradiation temperature. The analytical results indicated that the
reactor pressure vessel support may experience substantial fracture toughness decrease during the
operation near the lower bound of the fracture toughness. A three-dimensional (3D) solid element
finite element model was built for the linear stress analysis. Postulated cracks were located in the
maximum stress region to compute the stress intensity and the reference stress ratio. Based on the
stress result and the estimated physical properties, the structural margin of the reactor pressure
vessel support was analyzed in the failure assessment diagram with respect to the types of the
cracks, level of the applied load and the level of the neutron influence.

The second study explored the structural stress analysis approaches at hot-spot which was
found to be key parameter in failure analysis. Depending on the methods to remove the non-linear
peak stress and the stress singularities, the accuracy of the failure assessment result varies. As an
alternative proposal to evaluate the structural stress in 3D finite element analysis (FEA), the 3D

model was divided into two-dimensional (2D) plane models. Five structural stress determination
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approaches were applied in 2D FEA for a comparison study, the stress linearization, the single
point away approach, the stress extrapolation and the stress equilibrium method and the nodal force
method. Reconstructing the structural stress in 3D was carried by the 3x3 stress matrix and
compared to the 3D FEA results. The difference in 2D FEA structural stress results were eliminated
by the constructing the stress in 3D.

This study provides the failure assessment analysis of irradiated steel with prediction of the
failure modes and safety margin. Through the failure assessment diagram, we could understand
the effects of different levels of irradiation and loadings. Also, this study provides an alternative
structural stress determination method, dividing the 3D solid element model into two 2D models,

using the finite element analysis.
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1. INTRODUCTION

1.1 Technical Background

For the past several years, nuclear power plant safety enhancement against the extreme
hazard has been raised as a prominent issue after experiencing Fukushima Dai-ichi accident in
Japan, 2011. This accident was addressed as a demonstration that nuclear reactors must be
protected even against accidents which have been assessed as highly improbable in the past [1].
From the European Council's first step of nuclear power plant safety re-assessment, nuclear safety
regulators request to evaluate safety margin beyond the design basis (which is called as “stress
test”). Stress tests iS the evaluation of current structure, system and component (SSC) under
applying the high confidence of low probability of failure factor [2].

Meanwhile, not only the increased level of the hazard events but also the material
degradation under the radiation environment is critical for the long-term operation of a nuclear
power plant. In particular, the structural steel in a nuclear facility experiences considerable
degradation due to accumulated neutron irradiation. The high energy neutron hardens the steel
with lowering the fracture toughness (see Fig. 1.1). Therefore, a brittle fracture may occur when
subjected to stress increase such as pressurized thermal shock events or the strong earthquake
events. Therefore, the reactor pressure vessel toughness research has been a significant issue in the
nuclear industry and numerous studies have been carried including performing experiments and
building computational models to prevent the brittle fracture of the reactor pressure vessel.
However, in the reactor cavity, there is another structure exposed to the neutron embrittlement. It
is the reactor pressure vessel support which supports the vessel and maintains the primary coolant
system in stable position. The U.S. Nuclear Regulatory Committee (NRC) investigated the reactor
pressure vessel support embrittlement from late 1970s and published an investigation report of the
reactor pressure vessel support in 1996 [3]. Since the U.S. NRC did not investigate the long column
type support because the number of the long column type supports were only found in 9 in 125
nuclear power plants in U.S., the long column type reactor pressure vessel support has not been
studied. Considering the increased stress events under the extreme load and the neutron irradiated
embrittlement, in this study, the failure assessment of reactor pressure vessel support was

investigated.
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Irradiation embrittlement

I3
@ | Unirradiated
|
[14]
o c |
Irradiation = I Adye
hardening E )
[+4] A Tttt
= AT, .
\ 3 — By Irradiated
@ !
\_ e
Y el B
£ - —
o Irradiated \ -
- !
< T ST \ Temperature
= I Produces
- |AYS /
2 —/
> . . / 4 Unirradiated
Unirradiated /
Temperature

CVN Energy

Temperature

Fig. 1.1 Schematic relationship between changes in temperature dependences in yield stress,
DBTT from Charpy impact and fracture toughness (Figure from Irradiation hardening and
materials embrittlement in light water reactor (LWR) environments, Brumovsky [4])

For the representative model of reactor pressure vessel support, the APR1400 pressurized
water reactor (Advanced Power Reactor with electrical power output of 1,400 MWe) was selected
because it is classified as one with long-column type support which had been analyzed as
‘susceptible for radiation damage’ and it is exposed to neutron embrittlement for long designed-
life [5].

The ASME Boiler and Pressure Vessel Code Section XI [6] provides a straightforward
calculation for checking the stress intensity only. To estimate the failure modes and structural
margin between the brittle fracture and ductile failure in each phases (see , Fig. 1.2) according to
the neutron fluence levels, the fitness-for-service failure assessment diagram from the API 579-
1/ASME FFS-1 [7] was implemented in this study. This standard provides detailed guidance with

comprehensive procedures. The concept of the failure assessment diagram is widely accepted in
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many other industries and their documents, such as the British standard, BS 7910 [8], SINTAP [9],

also used in R6 [10] procedure of UK nuclear industry flaw assessment.

(a) (b)
(4] y
Otens
Oyield
A A
€
(c) (d)
(4]
Otens

Fig. 1.2 Comparison of curves for ductile and brittle materials

(a) stress-strain curve of the ductile material (b) ductile failure (c) stress-strain curve of the brittle
material (d) brittle fracture (Figure (a) and (c) from Fracture and Fatigue Control in Structures,
Barsom and Rolfe [11], Figure (b)and (d) from Materials Science and Engineering: An
Introduction, Callister and Rethwisch [12])

The degradation of the physical properties under the estimated neutron fluence by analytical
methods was investigated based on the previous researches on reactor pressure vessels. The low
irradiation temperature played important role in the embrittlement of reactor pressure vessel
support. A structural stress analysis by linear finite element analysis to compute the structural
stress was performed with three-dimensional solid element model. Unlike the vessel and the piping,
the support is relatively thick, so it needed further computational method for the structural stress
analysis, particularly at the maximum structural stress regions such as geometry discontinuities.
Focusing the importance of the accuracy of stress value in failure assessment, a structural analysis
alternative approach was proposed using two-dimensional model comparing the five structural
stress estimating approaches, the stress linearization, the single point away approach, the stress
extrapolation and the stress equilibrium method and the nodal force method.
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1.2 Research Objectives

The objective of the study is to analyze the neutron embrittled structure by failure
assessment and estimate the failure modes and the structural margin to diagnose the structural
integrity during the designed life of nuclear power plant. This objective will be processed as
follows.

1. Estimate the physical properties of irradiated reactor pressure vessel support

2. Assess the structural safety margin under the different level of the neutron fluences and

loading

3. Propose a structural stress estimating approach for the failure assessment of solid element

finite element model

1.3 Thesis Outline

This thesis is consisted of three chapters. Chapter 2 starts with review of the previous studies
of the neutron embrittlement on reactor pressure vessel and suggests the estimating equations for
the RPV steel considering the low irradiation temperature. Degradation of the physical properties
degradation with neutron fluence level is presented in this chapter. A stress analysis by 3D FEA
was performed and the physical properties were derived for the failure assessment by the AP1 579-
1/ASME FFS-1(2016). The assessment provides comprehensive results with respect to types of
postulated crack, the effects of the neutron irradiation and level of the load.

In the chapter 3, an alternative structural stress determination method is proposed. The
structural stress applied in chapter 2 is examined with five different analysis approaches to estimate
the maximum structural stress. The 3D model was cut into two 2D models to apply the previous
structural stress approaches and they are reconstructed by 3D matrix by each approach for
comparison study.

Lastly, the chapter 4 summarizes the main conclusion of each chapter and provides the

further research topic.
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2. FAILURE ASSESSMENT OF IRRADIATED REACTOR PRESSURE
VESSEL SUPPORT

2.1 Introduction

Irradiation has been considered as a critical degradation mechanism of the mechanical and
structural components of a nuclear power plant. One of the great concerns of irradiation is that the
high energy neutron changes the microstructure and physical properties of steel which is a major
material of a nuclear power plant. Particularly, as the neutron exposure increases overtime, the
irradiated steel substantially loses its fracture toughness. This reduced fracture toughness is called
neutron embrittlement. In an event that increases the structural stress of a mechanical or structural
component, such as an earthquake or a pressurized thermal shock which are more severe than the
design event, the irradiated steel component may fail with an abrupt brittle fracture rather than a
ductile failure. This is because the neutron embrittlement increases the possibility for propagation
of flaws that might exist in the steel component.

In a nuclear power plant, neutron embrittlement generally occurs in the confined cavity
structure where the reactor pressure vessel and the reactor pressure vessel supports are located.
Based on the International Atomic Energy Agency (IAEA) technical report [13], reactor vessel
embrittlement is rated as one of the life-limiting risk factors for a nuclear power plant. The steel
material of a reactor pressure vessel (RPV) is monitored by periodically testing specimens which
are pre-installed in the vessel. However, the reactor pressure vessel support is apart from the
neutron irradiation sources, and the support has 1) no in-service assessment after installation and
2) they are generally in the lower temperature compared with the RPV which a disadvantageous
condition for the brittle fracture resistance is.

With these concerns raised in the late 1970s, the U.S. Nuclear Regulatory Commission
(NRC) classified the RPV supports embrittlement as a safety issue [14]. Later, in the NRC
resolution report [15], there were two types of RPV supports classified as the vulnerable supports
for the high radiation damage: the short-column and the long-column type supports. However,
only the short-column type support was investigated because about 75% of the U.S. pressurized
water reactors (PWR) had the short-column type support while only nine U.S. PWR vessels were
supported with the long-column type support. However, the long-column type reactor pressure

vessel supports have been built globally over the last few decades.
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One of the notable nuclear power plant designs that this study is focused on is the APR 1400
nuclear power plant, 1400 MWe advanced pressurized water reactor with four long-column type
reactor vessel supports. The APR 1400 has 60-year design life which means that the supports will
be exposed to the neutron embrittlement for 20 years longer than the investigated nuclear power
plant at the NRC resolution report [15]. Considering this reason, the APR 1400 RPV supports were
chosen for the structural model and for the fracture toughness calculation applying the data from
the design documents [16] to the numerical analysis.

Recent research related to the neutron irradiation of reactor vessel supports is the EPRI’s
technical report [17] focusing on the irradiated concrete model proposed by Le Pape [18].
Different types of irradiated RPV steel have been studied with various approaches [19-22] and the
relation between decreased toughness and the crack stress in RPV has been investigated with
multiple approach [23,24]. The probabilistic fracture analysis model, such as FAVOR of U.S. NRC
[25], has been used for the failure analysis [26-29]. While the stress intensity factors of ASME
Section X1 have been improved with detailed equations covering various kinds of cases [19], the
fitness-for-service (FFS) assessment methodology also has been applied for the nuclear industry.
Using the FFS methodology, the structural integrity of steam generator tubes and steam lines were
investigated [30-32] and the pressure vessel under fire damage also assessed by FFS [33]. In Japan,
from 2008, the Japan Society of Mechanical Engineers (JSME) applied the FFS methodology for
nuclear power plants and has been developing the detailed solution [34,35]. However, a FFS of
neutron irradiated RPV supports has seldom been performed.

The aim of this study is to understand the features of the irradiated steel’s structural integrity
by exploring the implementation of a fitness-for-service assessment methodology, incorporated in
both the degraded fracture toughness by the neutron embrittlement and the structural failure mode
under the extreme events.

The assessment methodology followed is the fitness-for-service (FFS) approach of AP1579-
1/ASME FFS-1[7], hereafter referred to as API 579, to quantify the structural margin and predict
the most probable failure mechanism, brittle fracture, the plastic collapse or the combination mode.
The fitness-for-service provides the quantitative engineering evaluation of an in-service
component that might have flaws and has already been implemented among a wide variety of
industries with massive steel components, such as oil and gas, power, chemical and marine

industries.
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For postulating flaws and stress analysis, three-dimensional linear elastic finite element
analysis was used with perfect geometry without any modeled crack to cover the interaction that
geometry and loadings generate giving sufficient plausible basis in assumption of the flaws. Based
on these failure assessment results, the flaws were diagnosed to understand their contribution to
failure in severe environments and compared with the current allowable limits. In each irradiation
level and load level, the structural safety margins were calculated taking account of the RPV
supports dominant failure behavior.

This study begins with a brief overview of the RPV support design and previous related
research. The technical review of failure assessment and the environmental parameter study are
covered in the following section 2.3. With these determined parameters, the section 2.4
methodology provides the analytical methods used and the stress analysis result in detail. In
sections 2.5 and 2.6, the numerical failure assessment results are discussed.

2.2 Background

This section will cover the background of the RPV supports discussing the structural
impacts, the previous studies of the irradiation damage of RPV supports and the design overview

of APR 1400 long-column type supports.

2.2.1 Importance of Structural Integrity of RPV Supports

The role of the RPV supports is to transfer loads from the reactor vessel to the adjacent
structure located in the reactor cavity between the RPV and the shield wall. The RPV supports
hold the RPV in both the horizontal and vertical (gravity) directions. They not only support the
dead load, but also transmit the lateral load to the reactor cavity structure.

Furthermore, the RPV supports with the steam generator support and the reactor coolant
pump support are in a group and maintain the primary reactor coolant system in their position.
Failure of RPV support may allow the reactor pressure vessel to move and consequently may
impact the whole primary reactor coolant system stability. Eventually, the structural failure of RPV

supports may worsen the loss of a coolant accident.
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2.2.2 Previous Studies Related to the RPV Support

In 1981, the U.S. Nuclear Regulatory Commission, NRC, addressed a generic safety issue,
GSI-15, “Radiation Effects on Reactor Vessel Supports” to solve the concern that low-temperature
and low-energy neutron irradiation may embrittle the RPV supports rapidly as described in
NUREG-0705 [14]. After the safety issue was announced, many investigation reports on the RPV
supports had been published. In 1989, the Oak Ridge National Laboratory report submitted to NRC
[5] concluded that the low-flux may produce excess embrittlement rate and the critical crack size
was predicted as 0.42 in. (10.67mm) depth and 2.5 in. (63.5mm) long under the small-break loss-
of-coolant accident.

Unlike the RPV, the RPV support types and the environmental conditions varied depending
on their design, the structural shape, material and the level of the neutron fluence. Considering
these data, the reevaluation request was done in a specific design case that can be representative
of the RPV supports of the time. The investigators did structural analysis, probabilistic risk
assessments and collected metallurgical degradation data. As a result of these investigations, the
safety issue was resolved stating that the RPV irradiation was no longer a safety issue [3]. For the
investigation mentioned above, two U.S. plants were selected as for the most vulnerable cases.
The investigated RPV supports were expected to experience the brittle fracture after 23 effective-
full-power-years (EFPY) during the 30 EFPY design life [36]. However, base on the results of the
two studies, the disaster frequency caused by the failure of the RPV supports and the estimated
consequences were found to be low.

The consequence of failure of the RPV supports were predicted as a safe condition because
the short pipe between the reactor pressure vessel and the cavity wall was evaluated and it found
to support the coolant system. In spite of this promising result, there is still a need to investigate
the RPV supports subjected to irradiation in light of the current nuclear power plant designs. In
NRC report [15], the two nuclear power plants that were selected had short-column type RPV
supports. Even though the long-column type supports are exposed in high-irradiation damage zone,
the long-column type supports were rare in the U.S. as mentioned earlier. Furthermore, as the two
nuclear power plants investigated were assessed to have brittle fracture after 23 EFPY, the APR
1400 power plant with 56 EFPY may be exposed to the risky brittle fracture situation for 33 years
of EFPY. This is much longer than the NRC report had considered.
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2.2.3 Overview of RPV Long-Column Type Support

There are four cold leg (inlet) nozzles of reactor coolant system attached to the APR 1400
RPV. Under each nozzle, the RPV support is installed vertically supporting the RPV [16]. The
RPV supports are arranged around the reactor pressure vessel, located within 1.5 ft (0.46 m) from
the RPV outside surface as shown in Fig. 2.1. The RPV supports are located in the reactor cavity,
facing the RPV’s belt line, and the base plates are anchored to concrete. In accordance with the
ASME BPVC Section Ill, Division 1 [37], these RPV supports are classified as a linear-type
support which is evaluated by the allowable stress values. Among the types of the RPV supports
classified in NRC investigation reports, this type of support is classified as the long-column

support because it is extended from the base of the cavity to the inlet nozzle and the whole part is
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Fig. 2.1 Elevation view of APR 1400 reactor vessel and reactor vessel supports
(Adopted from APR 1400 design control document, 2014, modified)
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The support is made from ASME SA 508 grade 3, class 1 [38] steel by forging,
manufactured in one large piece, which is the identical material used in the reactor pressure vessel
steel. The overall height of the RPV support including the shear key at the bottom end is
approximately 20 ft (6.1 m). The column support has a 30 x11 in. (762 x 279.4 mm) rectangular
cross section facing the reactor pressure vessel on its long side. The RPV support consists of a
base plate, support column and flange plate and shear key under the base plate. Fig. 2.2 provides
a schematic view of a RPV support with each part pointed out. Each part is smoothly continued
with a typical fillet radius of 1 in. (25.4mm). The shear key is embedded in the concrete slab for
restraining the movements in the bottom to prevent the primary coolant loop failure. The flange
plate is connected to the nozzle pad with bolts and allows for the RPV’s thermal expansion and
limits the horizontal movement. At the bottom of the column support, the rectangular section
expands to a trapezoidal-shaped segment connected to the base plate.

Flange

Column
Support

Base Plate

Shear Key

Fig. 2.2 Schematic view of the long-column type reactor vessel support
(Note that the actual RPV support is a monolithic forged member, not separated.)
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A structural assessment of APR 1400 long-column type support was recently provided by
Nguyen and Namgung [39]. They proposed a plate-type support system as an alternative type of
support for the APR 1400 by using finite element analysis and assessed the structural capacity of
the long-column type support since the column-type support has a higher chance to absorb energy
during a seismic event and may transfer the amplified displacement to the reactor pressure vessel.
The long-column type support was evaluated as satisfying the ASME code allowable limits.

However, they have not studied the irradiation embrittlement of the supports.

2.3 Technical Overview

This section includes the current available failure assessment methods focusing on the
failure assessment diagram (FAD) of the FFS evaluation. The fracture toughness measurement and
the assessment conditions to be determined are discussed in this section as well.

2.3.1 FAD Approach

The FAD approach is used in the FFS evaluation to determine the structural integrity of a
component with a crack-like flaw. The RPV support structural integrity should consider various
conditions that may cause a failure, from the loss of toughness by irradiation to the plastic collapse
due to an extreme load. To compromise for this wide range of failure modes, from linear elastic to
fully plastic behavior, the FAD approach is implemented in this study. As illustrated in Fig. 2.3,
the FAD approach determines not only where the assessment point falls, in the acceptable or
unacceptable region, but also indicates the nature of the failure based on interaction between the
toughness and the load as two parameters. The toughness ratio is resistance to brittle fracture and
the load ratio indicates the resistance to plastic collapse. These will be discussed in more detail in
Section 2.4.
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Fig. 2.3. Overview of an FFS analysis using the FAD approach

The RPV design documents require the use of ASME BPVC Section XI [6] to evaluate the
embrittlement fracture for the RPV and its support. This approach assesses the structural safety by
using the mathematical relationship between the fracture toughness and the stress intensity. As the
irradiated embrittlement is a great concern in RPV safety, codes and regulations have focused on
the fracture toughness in the matter of the linear elastic fracture mechanics method (LEFM)
[40,41]. When the reactor pressure vessel is in the ductile region with the high toughness, it is hard
to characterize the plastic failure because the LEFM does not include the plastic collapse and the
possible ductile plasticity effects at the flaw [42]. For this case, the ASME Section XI additionally
introduces other approaches for the elastic-plastic fracture behavior, such as J-integral, J-R curve
or FAD approach for crack depth of one- quarter of the wall thickness [6,42]. Given that both
RPV and its support are made of identical material specification, exposed in a similar irradiation
environment, this failure assessment of the RPV supports should consider both the LEFM method
and the elastic-plastic fracture assessment method to incorporate the degree of the fracture
toughness.

The FAD approach is a useful approach because it covers both LEFM and ductile overload
behavior. Additionally, with the need for the extreme hazard evaluation against a significant
extreme load, the nuclear power plant structural components should be assessed in simplified
quantitative results to check the current safety status and the structural margin against the expected

failure mode.
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2.3.2 FAD Technique used in This Study

Currently, the two of the widely used documents for the fitness-for-service using the FAD
approach are the API 579 [7] and the BS 7910 [8]. According to the Larrosa and Ainsworth [43],
these two standards and the another FFS guide, R6 [10] for UK nuclear industry show some
divergent results depending on the crack size, level of the residual stress and other features.
However, this study followed the API 579 rules because the API 579 provides the pressure vessel
fracture toughness equation and the maximum permitted load ratio value for ASME SA 508
material.

In API 579, part 9, crack-like-flaws assessment is applied. This procedure provides a guide
to evaluate a structural component with a crack-like flaw that has a given depth and length, and
covers the brittle fracture behavior. The level 3 assessment was selected to consider the crack

growth and the FAD envelope was built by method ‘A’ assessment.

2.3.3 Measurement of Fracture Toughness of Structural Steel

The U.S. NRC regulatory guide [41] introduces two methods to predict the fracture
toughness of irradiated steel. One is an experimental method and the other one is an estimation
based on analytical methods. Since the RPV support, that are in-service do not have specimens to
do impact test, or it needs to be evaluated by analytical methods or non-destructive methods. A
non-destructive monitoring method for radiation damage was introduced by Matlack et al. [44]
providing the correlation with the microstructural radiation change and nonlinear ultrasonic
measurement results. Similarly, the analytical method using the temperature and the fracture
toughness relation is widely in use with an extensive fracture toughness data set accumulated for
decades.

The fracture toughness varies from ductile to brittle at around a particular temperature point
as shown in Fig. 2.4. This transition point is called the reference nil-ductility temperature and it is
found that the irradiation embrittlement increases the transition temperature. This nil-ductility
transition temperature shift (TTS) is used as the indicator of irradiation embrittlement in numerous

analytical methods and discussed in section 2.4.
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Fig. 2.4 Charpy V-notch impact energy versus temperature behavior for selected structural
materials (Figure from Fracture and Fatigue Control in Structures (Barsom & Rolfe [11]))

2.3.4 Assessment Conditions of the RPV Supports

There are four major condition parameters needed for the assessment: 1) in-service

temperature, 2) assessment temperature, 3) neutron fluence and 4) the applied loads. The two

temperature parameters and the neutron fluence are used for the fracture toughness determination

and the applied loads are for the stress levels for the FAD approach. This study referenced ASME
Class 1 supports design requirements in ASME Section I11-1 and the APR 1400 design documents
[16] for the assessment conditions of the RPV support. The assessment conditions of the RPV

supports are defined in Table 2.1 and Table 2.2

Table 2.1 In-service temperature (irradiation temperature, T;) of RPV supports

Level 2 in. Temperature, ° F
Part ! r ;
(cm) °C)
Flange 231in. 330°F
g (587 cm) (166° C)
Column 224 in. 270 ~ 100° F
(569 cm) (132~38° C)
Base 10 in. 350° F
(25 cm) (177°C)

& Measured at top level of each part, from the bottom of the support.
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Table 2.2 Analysis parameters for different fluence levels

Fluence Level &P

Parameters 5% MDF ¢ 25% MDF ¢ 100% MDF ©
Base Column | Flange Base Column | Flange Base Column | Flange
T.°F(°C) 350 150 330 350 150 330 350 150 330

177) (66) 166) | (177) (66) 166) | (177) (66) (166)

26,450 27,370 | 26,275 | 26,450 | 27,370 | 26,275 26,450 | 27,370 | 26,275

E,ksi (MPa) | () g2E+5) |(1.89E+5)|(1.81E+5) | (1.82E+5) | (1.89E+5)| (1.81E+5) | (1.82E+5)| (1.89E+5) [(1.81E+5)
ARTnpr, 313 54.7 41.8 814 | 1268 | 859 | 1722 | 2572 | 180.6
°F(°C) | (039) | (12.61) | (5.44) | (27) (53) @30) | (77.9) | (125.1) | (82.6)

ART 1015 | 124.9 112 151.6 | 1969 | 156.1 | 2424 | 3274 | 250.8

°F(°C) | (38.61) | (51.61) | (44.44) | (66.4) | (91.6) | (68.9) | (116.9) | (164.1) | (108.6)

Kic, ksi-vin.| 42.24 3886 | 41.83 | 3652 | 3454 | 3623 | 33.70 | 33.30 | 33.66
(MPaym) | (46.42) | (42.70) | (45.97) | (40.13) | (37.96) | (39.81) | (37.03) | (36.59) | (36.99)

Gy, ki 5706 | 6198 | 5758 | 57.03 | 61.98 | 5758 | 57.06 | 61.98 | 57.58
(MPa) | (393.41) | (427.34) | (397) | (393.21) | (427.34) | (397.00) | (393.41) | (427.34) | (397)

& For all fluence levels, following parameters are identically applied. Assessment temperature: 60° F (16° C), initial

RTnot: 40° F (4.4° C), Poisson’s ratio: 0.3, Temperature Margin calculated as an absolute value 30.2° F (16.8° C)
b The initial state: Kic: 84 ksi-V (in.) Yield strength: 44.8 ksi for base, 48.1 ksi for column, 45.1 ksi for flange

¢ 5% MDF: fluence level, f = 1E+17 n/fcm?, flux @,=2.58E+17 n/cm?
d 25% MDF: fluence level, f = 5E+17 n/cm?, flux @,=1.29E+18 n/cm?
¢ 100% MDF: fluence level, f = 2E+18 n/cm?, flux @,=5.15E+18 n/cm?

Table 2.1 shows the in-service temperature of RPV supports provided in the design
document. The in-service temperature of RPV support is estimated from 100° F (38° C) to 350° F
(277° C), lower than 550° F (288° C) which is the reactor pressure vessel normal operating
temperature.

The RPV support in-service temperature depends on the distance from the thermal sources,
such as the reactor pressure vessel or the reactor coolant nozzle. The distance along the vertical
level and the in-service temperature are presented in Table 2.1. Given that the neutron irradiation
embrittlement proceeds while the reactor pressure vessel operates, the in-service temperature is
used as the irradiation temperature, which is T; in this study. The in-service temperature
determines the elastic modulus of the steel material and the yield strength, provided the data from
ASME BPVC Section 1I-D [45]. These values are presented in Table 2.2 for different percentages
of maximum designed fluence (MDF).
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The assessment temperature, T is defined as 60° F (16° C) in this study. This temperature is
the lowest normal room temperature inside the nuclear power plant. During the extreme events
such as a loss of coolant accident which is regarded as the harshest environment of the reactor
pressure vessel, the temperature may go up to 360° F (182° C) in tens of seconds and cools down
back to normal room temperature. The assessment temperature applied in this study is a highly
severe postulating environment for a conservative fracture assessment approach.

For the 60-year designed life, the RPV supports are expected to have 2.0x10%8 neutrons per
square centimeter which have over 1.0 MeV energy. In order to track changes in the structural
integrity with neutron irradiation, this study will divide the 60-year designed life into seven
sequences depending on the accumulated neutron fluence. The 60-year neutron fluence is
expressed with 100% MDF. The seven intermediate assessments are at 5% MDF, 15% MDF, 25%
MDF, 50% MDF, 75% MDF and 100% MDF including the initial unirradiated state. The 25% to
100% MDF sequences were associated with the reactor pressure vessel surveillance test schedule
from ASTM E 185 [46].

Two loading cases were considered which are outlined in ASME Section I11-1: one is the
level B load case for normal operation load and the other one is the level D service load case for
the extreme loads. The level B load case includes the deadweight, operation loads, thermal load
and in-containment refueling water storage tank discharge loads. The level D load case is the most
severe event load case. The values are determined by APR 1400 design specification. The Level
D load case permits the faulted condition in low probability and postulated events which may
produce gross deformation with some loss of stability and damage. The events include the safe
shutdown earthquake, dynamic system loadings and pipe breaks including the normal operating

loads. The loads were converted in quasi-static conditions and given in section 2.4.3.3.

2.4 Methodology

The overall failure assessment procedure is described as a flowchart in Fig. 2.5. The models

of RPV supports were built for the stress analysis using the finite element program, ABAQUS [47].
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Fig. 2.5. Overall failure assessment procedure for the reactor vessel support
Material properties under irradiation environment were quantified by analytical methods. A
typical FAD diagram and a generic assessment point are shown in Fig. 2.3, K,.. As expressed in
Equation (1), K, is the ratio of stress intensity factors, K and KR to the material fracture
toughness, K¢, Where KF and KR are stress intensity factors based on the primary stress and

secondary stress, respectively. @ is the plasticity interaction factor.

KP + ®dK? R
K, = _r - 7T (1)

Kmat

Similarly, the assessment value in the horizontal axis of FAD is the load ratio, L,.. As shown

in Equation (2), the L, is calculated as the ratio of reference stress, afef to the material yield

strength, ays.

P

0.
L= = )
O'ys

With the assessment values, K, and L,., the cracks were evaluated based on their location in

the FAD as shown in Fig. 2.3. The first step of this study is to determine the expected material
properties, the fracture toughness, K,,4¢, and yield strength, o,,;. Second, a stress analysis was
carried out for postulated flaws and the stress classification. Then, based on the flaw size and the
stress analysis result, the stress intensity factors K/, and the reference stress, afef were obtained
by solutions from API 579.
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2.4.1 Fracture Toughness
2.4.1.1 Basic Method

The fracture toughness is defined as the ability of a material to resist crack initiation and
propagation [7]. In Table 2.2, the fracture toughness, K;., and other material properties of the RPV
supports were tabulated on the basis of the neutron fluence level( @,) and the irradiation
temperature (T;).

Because the RPV supports have no available fracture toughness test data, this study
followed a conservative estimate method of ASME Section XI. The RPV supports are made of
SA-508 which is the same material specification as the RPV which has a large material testing
data set as it is required per 10 CFR 50 [40]. Therefore, we referenced the available RPV material
testing data set and analysis results in our study. The fracture toughness was measured in-plane
strain fracture toughness in terms of the critical stress intensity factor, K;.. The K, is computed
with the temperature parameter using Equation (3) from ASME Section XI which is also
prescribed in API 579.

Kic = 33.2 + 20.734 exp[0.02(T — RTypr)] (ksivin, °F) 3

where T is the assessment temperature, 60° F (16° C). The term RTypr is defined as the
highest adjusted reference nil-ductility temperature. This RTypr includes the transition
temperature due to the effect of neutron irradiation embrittlement, ARTypr.

The ASME Section XI recommends determining RTypr from the NRC regulatory guide
1.99 (U.S. NRC, 1988). In this guide, the highest adjusted reference temperature, RTypr IS

expressed as ART, adjusted reference temperature and is calculated by the following equation.

RTypr = ART = Initial RTypr+ ARTypr + Margin 4)

where Initial RTypr is given as 40° F (4° C) as the unirradiated reference temperature per
project design specification. The margin is to be added for uncertainties in the values, set as 30.2°
F (16.8° C) following the RPV’s margin. The term, ARTypr IS the irradiation effect adjustment
derived by an analytic method from the Oak Ridge National Laboratory report [48,49]. This report
expresses the ARTnpt as the transition temperature shift, TTS. The equations for TTS are shown
as follows from Equations (5) to (14). The TTS is the sum of the two terms, the matrix feature

(MF) term and a copper-rich precipitate (CRP) term.
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ARTypr = TTS = MF term + CRP Term (5)
MF term = A(1 — 0.001718T;)(1 + 6.13PMn?*7) / e, (6)
T, \11
CRP term = B(1 + 3.77 Ni1°1) (%) f(Cue, P) g(Cu, ,Ni, 8;,) (7)
439 x 10%° (8)
@ — (Z) 0.259
f(Cu,, P) = [Cu, —0.072 + 1.359(P — 0.008)]%-6%8 9)
1 1 log10(®;,) + 1.139Cu, — 0.448Ni — 18.12
j =—4= 2 10
g(Cue,Nl,(Dte) 5 + 5 tanh[ 0629 (10)
where,
A =1.140 x 1077 (Coefficient for forging)
B =102.3 (Coefficient for forging)

Cu, =0.15 (Effective amount of Cu weight percent)

P = 0.015 (Phosphorous weight percent, followed ASME SA 508)

Mn =15 (Manganese weight percent, followed ASME SA 508)

Ni=1 (Nickel weight percent, followed ASME SA 508)

@ =1.14E+09 n/cm?/s (Neutron flux, based on 55.8 effective full power years)

@.,= Effective fluence computed with each expected neutron fluence, @., refer to Table 2.2

T; = Irradiation-temperature (in-service temperature) refer to Table 2.1

2.4.1.2 The Effect of the Low Irradiation Temperature

The low irradiation temperature (7;) of RPV support should be considered as a reducing
factor against the fracture toughness. Five analytical methods were selected and the comparison of
TTS results, with respect to each irradiation temperature are shown in

Fig. 2.6. The Oak Ridge National Laboratory method (ORNL/TM-2006/530) gives
conservative result for the in-service temperature of reactor vessel and a moderate value for the
low irradiation-temperature. Therefore, the Oak Ridge National Laboratory method was used in

this study. Next, other analytical methods will be discussed with a brief comparison.
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Fig. 2.6. Plots for transition temperature shift (TTS) and for irradiation-temperature (Ti) and by
analytical methods

The methods to predict the transition temperature trend were developed by using data from
decades of RPV surveillance tests. While the reactor pressure vessel has 550° F (288° C), the RPV
support irradiation temperature is only between 150° F (66° C) and 350° F (177° C). The NRC
guide [41] recommends to consider the irradiation-temperature effect stating that when the
irradiation temperature is under 525° F (274° C), a greater embrittlement effect is expected. It is
because the NRC regulatory guide was based on the RPV surveillance tests. Another analysis
report from EPRI [50] also suggested an analytical method mentioning that an irradiation
temperature from 527° F (275° C) to 590° F (310° C) is reasonable. Haggag [51] also observed
the increase of transition temperature shift in low irradiation temperature, from the investigation
of modular high-temperature gas-cooled reactor, which runs at relatively lower temperature than
the commercial Light Water Reactor (LWR) does.

Fabry et al. [52] studied the outlier values of some LWR vessel steels including the low
irradiation-temperature, 500° F (260° C) from the Yankee and BR3 nuclear plants. In this analysis,
the temperature correction factor penalty is given as a -1° C (-1.8 ° F) shift per 1° C (1.8 ° F)
difference at irradiation temperature. Similarly, Odette and Lucas [53] observed an irradiation
temperature decrease with the average of 1 + 0.2° C/° C (1 £ 0.2° F/° F). In 1998, the U.S. NRC
released a further detailed report, NUREG/CR-6551 [54] specifying contribution of each
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parameter. From the numerous experimental data, the report identified a 0.6° F (0.33° C)
temperature shift per lower temperature median value in the range of 520° F (271° C) to 580° F
(304° C). The report, ORNL/TM-2006/530, from the Oak Ridge National Laboratory [48], found
the magnitude of the effect to be approximately a 0.65° F (0.36° C) increase per irradiation
temperature decrease. Finally, the ASTM also proposed an analytical method in ASTM E900 [55]
to predict the radiation-induced transition temperature shift of reactor pressure vessel materials
showing a similar trend of low-temperature penalty.

In the comparative study, irradiation at 525° F (288° C), the transition temperature of the
Oak Ridge National Laboratory method [48] has a 45% higher value compared with the NRC
report [41]. The Oak Ridge National Laboratory method provides the most conservative values in
the in-service temperature of reactor pressure vessel. Moreover, the effect of low irradiation
temperature seems to have a considerable overestimation in other methods. The result of irradiated
transition temperature at 150° F (66° C) is excessively increased while the 525° F (288° C) results
are moderate value.

Fig. 2.6 shows that the Oak Ridge National Laboratory method (2007) develops the lowest
gradual slope along the temperature compared with the method proposed by Fabry et al. (1996),
Odette and Lucas (1986), NUREG/CR-6551 (1998) and ASTM E 900 (2015).

2.4.2 Yield Strength
2.4.2.1 Basic Method

Irradiation embrittlement increases the yield strength of the steel in the RPV supports. This
phenomenon is called irradiation hardening. As shown in Equation (11), the yield strength at
irradiated condition, g, is the sum of the initial yield strength, Inital o, and the increase in yield

strength by irradiation embrittlement, A gy;.

gys = Inital 0,5 + A0y (11)
The initial yield strength is the yield strength of unirradiated steel which is taken from
ASME Section 11-D, for tabulated SA-508 steel yield strength at in-service temperature, 150° F
(66° C), 300° F (149° C) and 350° F (177° C), respectively. As each part of the RPV supports has

a different in-service temperature as listed in Table 2.1, each initial yield strength is slightly
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different in a range of 45 ksi to 48 ksi. The increase of yield strength by the embrittlement, Ao,
is calculated by using the extensive experimental program RADAMO calculation sheet of the
ASTM E900 supplement [56], which is based on the SCK-CEN report [57]. The equation in this
report was made using three radiation hardening mechanisms: copper-rich precipitates (CRP),
matrix defects (MD) and phosphorus-rich precipitates (PRP) shown in the following Equations
(12) to (16).

A 0,s(MPa) = MD + +/CRP? + PRP2 (12)
MD = [660 ( 270 ( 027 )) + Ni(6430 — 10.8(T; + 273))]
Il R Pk (T, + 273) ' oM

x (13)
J[1 — exp(0.008(f — f))][1 — exp([1 — exp(—0.135(f — f,))]

- in(¢t,t
CRP = Ctgqe (1 = exp(~2.7(Cu = 0.03)) [ == log (mo”(‘)(s t:))] (14)
PRP = C,(P — 0.008) + [1 — exp(—Pr f exp(—0.038(T; + 273)))]
X (_270 (&)) (15)
€Xp €Xp K(T; +273)

10((212/kIn(10)(T;+273))-13.3)

- 16
P T 1+200-0/2-1.00E + 10 - exp(2.944/k(T; + 273)) (16)

t

where,

k =0.00008617 (Boltzmann constant)

fo=10.55 (Incubation fluence value)

C, = 11,000 (Proportionality factor)

Cugqe =215 (Structural CRP hardening factor)

P, = 88,466 (Degree of Irradiation Temperature effect on PRP rate)

P = 0.015 (Phosphorous weight percent, followed SA 508 [38])

Ni=1 (Nickel weight percent, followed SA 508 [38])

T; =66° C, 149° C and 177° C (150° F, 300° F and 350° F), respectively (Irradiation temperature)
f = Neutron fluence computed with each expected neutron fluence, refer to Table 2.2
@ = 1.14E+09 n/cm?/s (Neutron flux, based on 55.8 effective full power years)

t, = The time to reach CRP maximum hardening
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2.4.2.2 Determination of Yield Strength

In Table 2.2, the yield strength results per the expected irradiation-temperature and the level
of the neutron fluence are presented. The initial yield strength is 46.02 ksi (317 MPa) and the
increase in yield strength is 12.85 ksi (89 MPa), as a mean value. As a result, the irradiated yield
strength is calculated to be 58.87 ksi (406 MPa) on average. Thus, the yield strength may increase
28% due to the irradiation.

2.4.2.3 Yield Strength Increase Trend with Irradiation Level

The increase in yield strength was calculated per the SCK-CEN report [57] which is
introduced in ASTM E900 supplement [56]. There were four increase in yield strength estimation
equations available in literature for applying the RPV supports’ metallurgical and irradiation
values, Odette et al. [58], SCK-CEN report [57], Wechsler et al. [59] and Odette and Lucas [60].
But two of them, Odette et al. [58] and the SCK-CEN report [57] could be applied for comparison
due to the lack of the metallurgical data. Finally, the SCK-CEN report was selected because it
considers the low irradiation-temperature.

Wechsler et al. [59] presented the temperature variation equation applying strain-rate and
tri-axiality corrections using the experimental data such as stress-strain test and impact test. Odette
and Lucas [60] detailed the principles of yield stress increase in microstructure changes. These
analytic approaches are to predict the stress with correction factors based on the experimental data
in a certain range of temperature and irradiation which are not applicable in this study.

Odette et al. [58] proposed an empirical trend equation as shown in Equation (17) with a
fractional decrease of the upper-shelf energy (USE). The USE is associated with the decreased
impact energy in ductile failure and can be derived per its neutron fluence and copper weight
percent from the NRC regulatory guide [41]. The decreased USE ratio was set as f,; , where the
f1 = AUSE/USE.

fa =9 % 10™*Aa, + 0.02,/Agy; — 40 Ad,; (Adys > 40MPa) (17)

The result of Equation (17) is presented in Table 2.3. However, due to the lack of data in
the USE graph of the regulatory guide, only the limited neutron fluence greater than 50% MDF,

1x10* n/cm? were available to calculate. There is a considerable increase in yield stress of



37

approximately 12% between the initial unirradiated stage and 50% irradiated stage. However, it is
noticeable that the increment per neutron fluence level is not considerable, within 0.4 MPa (0.06
ksi) per each neutron fluence level. Likewise discussed in the fracture toughness, the USE plot in
the NRC regulatory guide [41] does not consider the low irradiation-temperature effect. The USE
values are based on 550° F irradiation temperature. Therefore, these results derived from Odette
etal. [58] were used for referencing the yield strength increase trend, not used for the RPV supports

analysis.

Table 2.3 Calculated yield strength increase per analysis method

Fluence Level Increased Yield Strength, ksi (MPa)?
Odette et al. (1985) SCK-CEN [57]
Initial state 48.10 (331.6) 44.94 (309.9)
25%MDF" - 58.87 (405.9)
50%MDF 54.12 (373.1) 58.88 (406.0)
75%MDF 54.18 (373.6) 58.88 (406.0)
100%MDF 54.23 (373.9) 58.88 (406.0)

2 The steel yield strength is based on the irradiation temperature, Odette et al case was based on 550° F (288° C), the
SCK-CEN is average value of the 150° F (66° C) , 330° F(166° C) and 350° F (177° C).

b The given USE value for calculating the increased yield strength in the NRC regulatory guide starts from 50%
MDF.

Meanwhile, the ASTM E 900 provides a supplement [56] which was used for technical basis
in assessing transition temperature shift by the embrittlement, with 4,438 data records from the
surveillance program and research test data. This supplement presents the irradiation hardening
equations of the SCK-CEN report [57]. Parameters for this assessment are readily available such
as material weight percent, neutron flux and the irradiation temperature is also considered.

The yield strength increase trend with Odette et al. [58] and the SCK-CEN report, are
presented in Table 2.3. The irradiation hardening peak was achieved in the first phase, from the
unirradiated condition to the 25% maximum design fluence. After the first irradiation stage, the
increment per each fluence level is relatively small. This fast yield strength increase of the low

irradiation temperature is also presumed in Chaouadi and Gérard [61], as well.
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2.4.3 Linear Elastic Stress Analysis using Finite Element Method
2.4.3.1 Basic Method

The stress analysis is required to quantify the stress intensity and the plasticity effects of the
postulated crack. It is also required to define the stress concentration region so this study examines
the postulated crack which gives the most conservative analysis. The elastic stress analysis was
carried out on a perfect structure without any crack using the finite element software ABAQUS
[47].

2.4.3.2 Modeling

The RPV supports geometry was built in a 3D solid three-dimensional structural model
referencing the APR 1400 design control documents [16]. The geometry comprises all of the main
structural parts of the support which are the flange plate, support column, and base plate with shear
keys attached. The schematic models and assembly are given in Fig. 2.2. This model has a fixed
boundary condition at the base plate as the shear key is embedded in the base concrete. The
material property of this model is considered to be linear elastic with applying the elastic modulus
and the Poisson’s ratio.

The elastic modulus was taken from the ASME Section 11-D [45], following SA 508 grade
3 class 1 steel [38] elastic modulus per the in-service temperature. The applied elastic modulus per
in-service temperature and the Poisson’s ratio are listed in Table 2.2. The model was meshed using
three dimensional 20 noded quadratic structural solid element, C3D20. This mesh is shown in Fig.
2.7 with approximately 763,000 nodes and 176,000 solid elements. A convergence analysis to
evaluate the mesh size was carried out in this study. The model had meshed with a seed distance
of 0.5in. (12.7 mm) to 2 in. (50 mm) to verify the stress convergence. The result of the mesh study
showed convergence within 0.1% in stress. Thus, finite elements with about 1 in. (25.4 mm) mesh
size were applied. Modeling the fillets between the flange plate to column were not possible
because it produces some distorted elements.



39

[Finite Element Model Mesh]

[Applied load at top of the flange]

Level B D

X (kN) 445 605
Y (kN) 133 534
Z (kN) 4381 12,597

Moment X (kN-m) 1,152 1,429
MomentY (kN-m) 217 1,722
MomentZ (kN-m)  -27 -92

Fig. 2.7 Reactor vessel support finite element 3D Model, detail on mesh and the load applied

2.4.3.3 Load Cases

The two load cases, the operational level load - Level B and the extreme level load - Level
D were applied in this study. The loads are shown in Fig. 2.7 where X direction is horizontal along
the short direction of support, y direction is horizontal along the long direction of support and z
direction is the gravity direction. The loads were uniformly distributed along the flange plate, base
plate and shear key.

Both load cases are included in the thermal load. The thermal load is classified as secondary
stress according to the ASME Section I11-1 and API 579 and it generates the secondary stress
intensity factor, K°R. The thermal stress in this study will offset the primary membrane stress
because the thermal stress is acting in the direction of contraction while the primary membrane
stress is in tension. The separately applied thermal stress as a secondary stress results in
underestimated stress intensity by adding up the membrane stress in the opposite direction with
decreased reference load ratio. This study treated the stresses as primary stress keeping the effect
of the thermal stress though the reference load ratio is increased about 0.1 to be more conservative
as per section 9 of API 579.
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2.4.3.4 Stress Singularity

The stress results from the finite element analysis are depicted in Fig. 2.8 for Level D load
case and Fig. 2.9 for Level B load case. These stress diagrams are expressed in 75% averaged von
Mises equivalent stress showing the maximum stress region. The locations of the concentrated
stress regions were generated on the RPV support column part: (1) at the top corner of the column
support under the bottom of the flange part at the front side and (2) the bottom corner of the column

support where the section changes to a trapezoidal-shaped section at the back side.

S, Mises (Unit :psi)

(Avg: 75%)
+7.19e+04
+6.59e+04
+5.99e+04
+5.39e+04
+4.79e+04
+4.19e+04

+2.40e+04
+1.80e+04
+1.20e+04
+5.99e+03
+3.55e-01

Front Back Side(L) Side(R)

Fig. 2.8. Concentrated stress region from the stress analysis result in level D load case

(von Mises, 75% averaged)

S, Mises (Unit:psi)
(Avg: 75%)
+3.69e+04 .
+3.38e+04
+3.08e+04
+2.77e+04
+2.46e+04 i
+2.15e+04
+1.85e+04
+1.54e+04
+1.23e+04
+9.23e+03
+6.15e+03
+3.08e+03
+3.20e-01

Front Back Side (L) Side (R)

Fig. 2.9 Concentrated stress region from the stress analysis result in level B load case
(von Mises, 75% averaged)
It is usual that the exaggerated stress is obtained at the sharp corners of the solid element-
type FEM model. According to the stress categories in ASME BPVC Section VIII-2 [62], the

possible causes are structural discontinuities and peak stress by sharp edge. The stress generated
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by the gross structural discontinuities is classified as membrane stress and the local discontinuities
are covered by the peak stress. Fig. 2.10 shows the linearized stress distribution of the RPV support
column in vertical direction providing the membrane stress, bending stress and the peak stress.
The maximum stress was generated where the section changes particularly at the corners. However,
as the meshes are refined, these membrane stress and peak stress values tend toward infinite value
and stress divergence meaning that those singularities by the stress linearization were not removed.
May, Stress —
[ _?.-_-._._.;E;:_-:_._._._._‘_;-_..vertical
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Hot spot-1 in back view Hot spot-2 in front view

Fig. 2.10. The stress distribution along the vertical direction through the structural hot-spots

Niemi et al. [63] named this unrealistic stress singularity region as the structural ‘hot-spot’
and proposed several modifying methodologies to filter out unrealistic peak stress and keep the
structural stress in terms of membrane and bending stresses. One of the methods is the stress
extrapolation. However, this method was not applicable to this study due to the relatively high
thickness of the component. The structural hot-spot is located on the support column which is 11
in. (279.4 mm) thickness. The stress gauge points those are used in estimating the hot-spot stress
are quite far from the hot-spot. This results in a higher value compared to the original value.
Compared to the stress extrapolation example in Niemi et al. [63], the 11 in. (279.4 mm) thickness

is considerably thick.
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Kalnins [64] proposed another stress extrapolation method for the values of the equivalent
stress calculated by the stress linearization approach particularly in the stress singularities. In the
stress singularity, the exaggerated stress component would lead to errors in computing the
equivalent stress. After evaluating the validity of the stress classification lines, using
recommendations of Hollinger and Hechmer [65] and the ASME Section V111-2, the valid point is
found and the each stress components values will be extrapolated from the valid point. The valid
points were found where the stress does not converge with refined mesh and the normal stress
varies monotonically.

$33 Stress Distribution along the 30" side (Bottom) $33 Stress Distribution along the 30" side (Top)

3

$33 Stress (ksi)
g
—

2 ——»Extrapolated from this point

[Structural Hot-Spot 1] [Structural Hot-Spot 2]

Fig. 2.11 The averaged normal stress (S33) extrapolating near the structural hot-spots

In Fig. 2.11, the normal stress distributions on normal stress classification lines of the hot-
spot 2, under the level D load case were plotted along the horizontal section. The valid point in the
horizontal direction was determined to be 3.74 in.(95.0 mm) from the singularity and in the vertical
direction valid point starts from 2.50 in.(63.5 mm) from the top. To get a more conservative result,
the vertical point was adjusted to 6.50 in. (165 mm), as illustrated in Fig. 2.10. Using the same
methods, the hot spot-1 valid point starts at 3.43 in. (87.1 mm) in the horizontal direction from the
corner and 3.50 in. (88.9 mm) level from the corner. The valid stress linearization points are in
Table 2.4 and the stress result from the stress linearization and extrapolation of the structural hot-
spots are given in Table 2.5.
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Table 2.4 The valid stress linearization point measured from the hot-spots

Direction from the corner
Load Level / Location
Horizontal Vertical
Level B Hot-spotl 2.57 in. (65.3 mm) 2.00 in. (50.8 mm)
Hot-spot?2 1.88in. (47.8 mm) 2.50 in. (63.5 mm)
Level D Hot-spotl 3.43in. (87.1 mm) 3.50in. (88.9 mm)
Hot-spot2 3.74in. (95.0 mm) 6.50 in. (165 mm)
Table 2.5 The stress applied to the FAD method
Location
Stress
Hot-spotl Hot-spot2
Level B Membrane 5.468 ksi (37.70 MPa) 4.634 ksi (31.95 MPa)
Bending 15.86 ksi (109.4 MPa) 16.63 ksi (114.7 MPa)
Level D Membrane 13.42 ksi (92.53 MPa) 17.03 ksi (117.4 MPa)
Bending 24.08 ksi (166.0 MPa) 19.41 ksi (133.8 MPa)

2.4.4 Postulating Flaws

This study postulated the flaw length from 0.1 in. (2.54 mm) and up to the length which the
failure assessment fails with increments of 0.01 in. (0.25 mm). The depth of the flaw were assumed
to be 1/6, 1/3, 1/2, 2/3 and 5/6 of the given flaw length. The crack locations are at the corner of the
structural hot-spots.

The RPV supports may contain very small sized flaws that original fabrication allows
because the steel forging is subject to massive heat through the metallurgical phase. The preservice
flaw may be a possible cause that can be propagated into significant flaws considering the recent
issue of the carbon macro-segregation issue in the vessel [66]. The 0.19 in. (4.83 mm) length is to
review the surface type preservice flaw limitation and the 0.33 in. (8.38 mm) length crack is for
embedded type preservice flaw limitation following the SA 508 nondestructive inspection
requirements. Furthermore, during the in-service inspection, the allowable limits are derived from
ASME Section XI.
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2.4.5 Partial Safety Factor

To consider the reliability of the failure assessment, the uncertainties of the independent
parameters are included in the failure assessment procedure. Each uncertainty source is taken into
account as a partial safety factor, PSF. The parameters applied by this PSF are stresses, flaw
dimensions, and the fracture toughness. However, in the 2016 edition of API 579, it allows to
determine the PSF value in the probabilistic approach and does not provide a specific number.
This study followed the PSF values of the 2007 edition of the API 579 [67] and applied to the
stress, fracture toughness and crack depth. The PSF for fracture toughness after irradiation were
taken as 1.0 because the lower-bound fracture toughness was used. The calculated fracture
toughness for each intermediate neutron level, plotted in Fig. 2.12 shows that the fracture
toughness converged to the lower bound. According to the U.S. NRC seismic probabilistic risk
assessment guide [68], the high confidence of low probability of failure is defined as 5% which
gives a conservative estimation considering uncertainty and randomness variables. In accordance
with this 5% probability of failure, this study chose the highest probability among the category
given in the API 579 2007 edition which gives PSF of stress as 1.2 in initial unirradiated condition
and 1.25 after irradiated condition. The crack depth PSF was applied after irradiation: 1.08 for the

shallower than 0.2 in. (5 mm) depth and 1.1 for the deeper crack sizes.

2.4.6 Toughness Ratio and Load Ratio for the FAD Approach

To plot evaluation points for each crack in the FAD, the stress intensity and the reference
stress were determined at each crack. The stress intensity and reference stress solution for the RPV
supports, a plate with bending and membrane stress case were applied from the solution table of
API 579. For the surface crack, stress intensity K/ was computed by the KPSCE1 solution and the
reference stress, LY were given by the RPSCE1 solution for the plates with a semi-elliptical shaped
surface crack using through-wall membrane and bending stress. For the embedded crack, stress
intensity and the reference stress were derived from KPECE1 and RPECEZ1, respectively which
are for the plates with elliptical shaped embedded crack, using through-wall membrane and
bending stress. The assessments were done in each type of cracks, load cases and the irradiation

neutron fluence level, from the initial state, 5% MDF to the 100% MDF state were applied.
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2.5 Neutron Irradiation Effect on Failure Assessment Parameters
2.5.1 Effect of Fracture Toughness

The decrease of the fracture toughness of the RPV support varies in an exponential trend as
shown in Fig. 2.12. The fracture toughness per irradiation levels are marked on the plot of the
Equation (3) from ASME Section XI showing the fracture toughness (K;.) and the temperature

difference between the assessment temperature (T) and the adjusted reference temperature (ART).

The initial fracture toughness, 84 ksi-+/in. (92 MPa-\/m) is the minimum value required by the
design documents for the SA 508 material. As the ART increases by neutron irradiation, the
fracture toughness substantially decreases to the baseline. From the point where ART exceeds the
assessment temperature (T), the fracture toughness is close to the lower bound and it is practically
indistinguishable between the irradiation levels. Furthermore, in Fig. 2.13, the effect of the neutron
irradiation has been reviewed at each of the various neutron fluence levels showing how the

fracture toughness and the yield strength trends change with respect to the neutron fluence level.
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Fig. 2.12 Exponential curve of equation and analysis results plot for the fracture toughness and
temperature transition (Added results on the ASME BPVC SEC XI, Figure G-2210-1)



46

85-aksi-»"='n‘ -+&- Yield Strength
-~ Fracture Toughness
—8— TemperatureTransition

\
Ay
" 589ksi 58.9 ksi 58.9 ksi 58.9 ksi 58.9 ksi
\\ Ak A % & A
\-
)
\
A}
\\
A 7410 ksiv
44.9 « "N

2 33.8 ksi-Vin 33.6 ksi-Vin
R u = '

Initial State 5% MDF 25% MDF  50% MDF 75% MDF 100% MDF

Neutron Fluence

Fig. 2.13 Fracture toughness and yield strength variation across the accumulated fluence and the
TTS

It is notable that the fracture toughness and the yield strength vary significantly only during
the first irradiation phase while the transition temperature shows gradual increase corresponding
to the neutron fluence accumulation. The two trends of the yield strength and fracture toughness
are similar to the trend of the neutron fluence level. It corresponds to the irradiation sequences
reported in the Oak Ridge National Laboratory report (ORNL/TM-2006/530, 2007). The
metallurgical change from the irradiation generates the precipitates. The precipitates affect the
irradiation hardening and also increase in the yield strength. Thus, the yield strength and the
fracture toughness trends are similar. Recently, Margolin et al.[69] investigated radiation
embrittlement of support structure materials for the Water-Water Energetic Reactor(WWER) with
experimental and analytical methods. Given that the neutron fluence, type of material and the
irradiation temperature are different from this APR 1400 model, the trend of the results compared,
the low irradiation temperature conditions result in considerable embrittlement and increased yield

strength, likewise the result from this study.

2.5.2 Effect of Yield Strength

The yield strength has increased from 45 ksi (310 MPa) to 60 ksi (414 MPa) from the first
irradiation phase in the same trend as the fracture toughness does, as shown in the Fig. 2.13. The
reason for the steep increase in yield strength can be explained by the RADAMO calculation sheet
of the ASTM E900 supplement [56]. The hardening is generally admitted that it results from the
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precipitation and matrix hardening and they are independent in results [61]. The radiation

precipitations are the copper-rich precipitates (CRP), and phosphorus-rich precipitates (PRP). The

matrix hardening is usually referred to as the matrix defects (MD) which represent the defect

clusters. These three contributions in the increase of the yield strength are described in Fig. 2.14,
(a) for the RPV support and (b) for the RPV. The CRP, PRP and MD effects are calculated by

Equations (12) to (16) with applying each parameter such as the neutron fluence, irradiation

temperature and the flux. The graph in Fig. 2.14 (a) shows that the three contributions go into the

constant values before the 5% MDF reaches. This plot can be explained by the minutes of the

ASTM E900 supplement [56].
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Fig. 2.14 Yield strength increase and the exposure time, Reactor Pressure Vessel Support and
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Among the three contributions, the matrix defects (MD) take effect when the neutron
fluence is greater than the incubation fluence, 5.5E+10'® n/cm?. As the neutron fluence of RVS
support is 2E+10'® n/cm?, below the incubation fluence, the MD hardening does not influence
showing 0 in the graph Fig. 2.14 (a). Meanwhile, the CRP and PRP have increased to the highest
value before the 5% MDF level. The time to peak in CRP hardening, t,, is calculated as 1.73E-02
years by the Equation (16). Considering that the time to the 5% MDF level takes about 3 years,
the CRP reached to peak before the 5% MDF level. As shown in Equation (16), the time to reach
CRP maximum hardening, t,, depends on the neutron flux and irradiation temperature. These two
factors have affected the fast CRP peak. In the same manner, the PRP hardening effect accelerates
as the irradiation temperature decreases according to Equation (15). Therefore, the RPV support
experiences peak irradiation hardening in the first irradiation phase.

Meanwhile, the RPV irradiation hardening shows the gradual increase in yield strength as
plotted in Fig. 2.14 (b). The CRP and PRP reach the almost maximum value before the 5% MDF
level like the trends of the RPV support. However, the MD plot increases gently in effect of the
MD hardening with the high neutron fluence. Through the influence of the MD, the overall reactor
pressure vessel irradiation hardening graph trend shows a gradual increase. From the plots of the
hardening factor in Fig. 2.14 (a), the considerable increase of the RPV supports yield strength in
the first MDF phase can be explained.

2.6 Failure Assessment of Irradiated Long Column Type RPV Support
2.6.1 Localized Assessment in the RPV Support

Taking into account the results of the fracture toughness estimation and the stresss analysis,
the column suppport part was selected to be the most vulnerable part in the long-column type
support. The column support part has the lowest irradiation temperature, 150° F (66° C), which
leads to larger fracture toughness decrease compared with other parts. From the stress results of
the finite element analysis, the structural hot-spots were generated at the top and bottom corner of
the column support. Therefore, the cracks were postulated in the two structural hot-spots in the

column support.
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2.6.2 The Effect of Neutron Fluence in FAD Assessment

By increasing the level of neutron irradiation in the selected intermediate phases, the
behavior of irradiated RPV supports with 5/6 depth to length ratio surface cracks have been
assessed with failure assessment diagram as in Fig. 2.15 and Fig. 2.16 which are hot-spot 1 and
hot-spot 2, respectively. This assessment was carried out at surface type cracks under the Level D
load condition. As the fracture toughness and the yield strength are similar from 25% MDF level,
the considered irradiation levels are 5% MDF, 25% MDF and the 100% MDF with respect to the

color that represents the irradiation level.
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Fig. 2.15 Failure assessment of hot-spot 1 (Level D load case, surface crack)

(a) Maximum pre-service allowable crack size of 0.19” length from un-irradiated to the 100% MDF, (b)
Maximum permissible crack size of 0.38” length from un-irradiated to the 100% MDF (c) Maximum in-
service allowable crack size in each method from un-irradiated to the 100% MDF (d) Surface crack location
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Fig. 2.16 Failure assessment of hot-spot 2 (Level D load case, surface crack)

(2) Maximum pre-service allowable crack size of 0.19” length from un-irradiated to the 100% MDF, (b)
Maximum permissible crack size of 0.39” length from un-irradiated to the 100% MDF, (c) Maximum in-
service allowable crack size in each method from un-irradiated to the 100% MDF, (d) Surface crack location

Fig. 2.15 (a) shows the assessment points of the maximum pre-service allowable surface

crack size in preservice, 0.19 in. (4.83 mm) length in variation of irradiation levels. As the neutron

fluence increases, the assessment points tend to move upward because of the increased stress

intensity by the decreased fracture toughness and the gained yield strength through the neutron

irradiation pushed the assessment points to the left side, lowering the load ratio. However, they are
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still in the acceptable region with sufficient margin in stress intensity of 0.67 while the critical
stress intensity in this point is estimated as 0.96. In Fig. 2.15 (b), larger size of surface cracks were
postulated to estimate the maximum permissible crack sizes in the hot-spot 1 under the level D
load, 100% neutron irradiated condition. Based on the deepest crack of 5/6 depth to length ratio,
the maximum permissible crack was calculated to have 0.38 in. (9.65 mm). length. The results of
the hot-spot 1 are similar to the hot-spot 2, see Fig. 2.15.

From the (a) and (b) plot of Fig. 2.15 and Fig. 2.16, the assessment points plotted in the left
part in the failure assessment diagram tell us this RPV supports appeared to be critical to a brittle
fracture rather than a plastic collapse. Comparing the initial assessment points with the 100% MDF
assessment points, the increased yield strength lowered the load ratio by about 75% on average,
and the decreased fracture toughness raised the toughness ratio by about 250% on average. These
numbers indicate to us that the effect of the fracture toughness is considerable compared to the
yield strength in this RPV supports structural integrity.

The estimated maximum permissible crack derived by the FAD method was compared to
the other in-service allowable limits of ASME Section XI (ASME, 2017b), plotted at (c) of Fig.
2.15 and Fig. 2.16. The allowble limits per each references, types and the phases are given in Table
2.6.

Table 2.6 Maximum allowable crack lengths for the RPV support in this study

Types of the crack
Method
Surface Embedded
Pre-service 0.19in. (4.83 mm) 0.33in.(8.38 mm)
ASME Linear ? 1.10in. (27.9 mm) 1.67 in (42.4 mm)
ASME Planar ? 1.151in. (29.2 mm) 1.59 in. (40.4 mm)
FAD Method ° 0.38in. (9.65 mm) 1.70 in. (43.2 mm)

& Crack depth to length ratio of 1/2 is used
b Crack depth to length ratio of 5/6 is used

The in-service allowable limit of the crack size is determined by the inspection methods in
accordance with the ASME Section XI. Detecting the flaws by surface using the magnetic particle

test, liquid penetrant test or volumetric examination by radiagraphic examination will detect flaws
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providing the length dimension. The linear surface crack allowable in-service limit from the
ASME Section XI is 1.1 in. (28 mm) considering 10% of the thickness. When it employed
ultrasonic examination, the crack is classified as a planar crack with two dimensions, length and
depth. The allowable in-service limit for a planar crack is drawn with depth to thickness. The
maximum in-service allowable planar surface crack is 1.15 in. (29.2 mm) with 1/2 depth to length
ratio. These maximum in-service allowable cracks from ASME Section XI as well as the maximum
allowable crack determined by FAD approach are plotted together with variation of the irradiation
level in (c) of Fig. 2.15 and Fig. 2.16. Before it gets irradiated, all of the allowable cracks remained
in acceptable region. After irradiation begins, except for the maximum crack estimated by FAD
method, the maximum in-service allowable cracks from ASME Section XI were plotted in the
unacceptable region. Unlike the results of the pre-service crack assessment values which are all in
acceptable region even in 100% MDF irradiation (see the plot (a) of Fig. 2.15 and Fig. 2.16), the
in-service allowable crack limits satisfies only in the unirradiated state according to this FAD

assessments.

2.6.3 The Effect of Crack Type in FAD Assessment

The embedded crack (see, Fig. 2.17) is assessed to have lesser stress intensity and less
refrerence stress than the surface crack has. Fig. 2.16 shows the assessment results of those which
are embedded behind the 3 in. (76.2 mm) from the surface in hot-spot 1, experienced level D load
and exposed to the irradiation condition. Similar to the surface crack assessment results, the
maximum allowable crack size in preservice remained in the acceptable region at 100% MDF
neutron fluence level and mostly remain near even though the neutron irradiation increases. The
permissible crack of an embedded crack is found to be 1.7 in. (43 mm) length with 5/6 depth, while
the permissible embeded crack size by ASME Section XI limits have the depth to length ratio as
1/2. The rate of change across the irradiation dose is identical to the surface crack showed. As the
irradiation progresses, the toughness ratio increased by 258% and the load ratio decreased by 74%

on average.
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Fig. 2.17 Failure assessment of hot-spot 1 (Level D load case, embedded crack)

(a) Maximum pre-service allowable crack size-0.33” length from un-irradiated to the 100% MDF, (b)
Maximum permissible crack size of 1.7” length from un-irradiated to the 100% MDF, (c) Maximum in-
service allowable crack size in each method from un-irradiated to the 100% MDF, (d) Embedded crack (3”
from the back surface)

However, the difference is that the embedded crack stress intensity is quite lower than the

surface crack with comparison plot of maximum allowable crack sizes in Fig. 2.16, (c). All of the

maximum allowable limits, ASME linear or ASME planar and the maximum permissible crack

size determined by the FAD method remains in the acceptable region. The in-service allowable

limits, whether they are fully irradiated or not, provide acceptable values in the FAD approach.
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However, the reason that the embedded crack has relatively low stress intensity is characterized
by the interaction of the crack location and the stress distribution. Because the stress gradually
increases from opposite surface to the front surface when the surface crack was assessed by
FAD, the crack on the surface results are relatively unfavorable.

2.6.4 The Effect of Crack Depth to Ratio in FAD Assessment

The postulated crack with different depth to length ratios with stress intensity were plotted
in Fig. 2.18. The cracks were assumed to be in structural hot-spot 1 after level D loads are applied

under maximum 100% irradiated condition.
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Fig. 2.18 Permissible crack length per aspect depth to length ratio under fracture toughness in
100% irradiated condition, level D load

(a) Permissible surface crack at hot- spot 1, (b) Permissible embedded crack at s hot-spot 1

With respect to the depth to length ratio of the crack, as the crack developed in deeper, the
stress intensity increases. As the surface crack detection may have errors in checking the depth,
even though the shallow crack (such ase 1/6, 1/3 ratio) allows to about 1 in. (25mm) length crack,
the allowable crack was determined by the 5/6 depth to length ratio cracks. This plot also shows
the difference between the types of the cracks that the stress intensity values do not have significant
difference in embedded crack. Therefore, in the crack inspection during the operation, it is
conservative to make the assumption of deep depth to length ratio crack particularly in the surface

inspection, when the depth measurement is not applicable.
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2.6.5 The Effect of Load Increase Compared in FAD Assessment

The effect of the increase of the load level from B to D is plotted in Fig. 2.19 corresponding
to the type of crack and the irradiation effect. The assessment cracks are the maximum preservice
allowable size crack in each type of the crack. Along the lines from level B to level D, both the
reference stress and stress intensity increases and trajectories were drawn following the slope from

level B and D to the FAD envelope given the assumption that the level D load is dominated by the

seismic load so the load will be increased proportionally.
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Fig. 2.19 Failure assessment respect to the level of load and the level of irradiation
(a) Surface crack, (b) Embedded crack

The slope represents the toughness ratio to the load ratio and tells us the dominant failure
mode whether the failure is brittle fracture or plastic collapse. For the unirradiated assesment points,
as the load increases the potential to have plastic collapse rather than brittle fracture is dominant.
Comparing the unirradiated assessment points and the 100% MDF assessment points shown in
Fig. 2.19 (a) surface crack, under the event of the load increases, the slope of line 1 of the irradiated
assessment points is 1.4, while the slope of line 2 of unirradiated assessment points is 0.4. As the
irradiated level D assessment points are closer to the FAD envelope in load ratio direction, the
effect of the irradiation on FAD assessment under the increased loading condition, helps to move
effectively to the failure point compared to the unirradiated ones in the furthur load increase event.
The rate of the load increase in the assesment points were repeated in Fig. 2.19 (b) for embedded

crack and the results are similar.
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In comparison to the effects of the irradiation and the load increase effect, as shown in Fig.
2.15 and Fig. 2.16, the direction from the unirradiated point to the irradiated point is toward left
upward in immediate variation. In this study, since the fracture toughness dropped to the lower
bound and the irradiated assessment point moved to the FAD failure limit efficiently in load
increase condition, so there seems to be high probability that the failure mode tends to follow the
slope of line 1. However, the fracture toughness has a lower bound limit as shown in Fig. 2.12, the
failure risk of irradiation would be controlled keeping the critical crack size.

From those contributions to the assessment, the effective mitigation strategy to ease the
failure risk can be selectively chosen depending on where the assessment point is located and how
much the structure had been irradiated. Considering the benefits of the assessment point location
change in the FAD, effective measures can be taken such as warming up the temperature to
increase the fracture toughness or reinforcing the structure to relieve the stress.

2.6.6 Structural Margin

In an aspect of the structural margin evaluation, the resistance to fracture failure was
accounted for by the toughness factor. For the comparison, the pre-service allowable crack was
selected to represent the structural integrity in each state because this size of the crack is an
acceptable flaw that remains in structure. From the level B load to the level D load, assuming the
linear relation in load increase, the length to the FAD envelope curve is calculated and applied to
calculate the ratio dividing the asessment point distance from 0. The structural margin has defined
as minus one this value. The structural margin in this study indicates an information of remains to
reach the failure status in the FAD approach method. The summurized structural margin values
are described in Fig. 2.20.

Overall, the pre-service allowable cracks in all cases have sufficient margin that can allow
the severe event. Focusing on the level of irradiation, the severe irradiation condition is more
vulnarable when it gets level D extreme load case, compared to the unirradiated condition. For
example, while the surface crack in initial unirradiated condition loses margin 38% on average
when level D event occurs, the sturctural margin which was in severe irradiation condition loses
about 54% on average. The embedded crack also loses the structural margin considerably while it

is in the irradiated condition and extreme event level D load is applied.
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Fig. 2.20 The structural margin based on the maximum pre-service allowable crack of the
RPV support in variation of types of crack, load level and the irradiation level

2.7 Conclusions

A failure assessment using the FAD approach of fitness-for-service has been applied to the
long-column type RPV supports considering their structural features in harsh conditions such as
the neutron embrittlement and the extreme event load case. The long-column type RPV supports
design feature was employed in the assessment such as the estimating of the fracture toughness of
low-temperature irradiation and the particular structural hot-spots in the column. The finite
element analysis was used to analyze the stress generated by this support geometry and the load.
The postulated cracks were evaluated with two critical parameters, the toughness ratio, and the
load ratio which determine the structure failure mode. The failure assessment followed the API
579. The assessment points were examined by the maximum allowable limits per ASME Sections
I1 [38] and XI [6]. The structural margin was derived from the FAD targeting the pre-service
allowable crack. The following conclusions can be drawn from this study.

For defining the physical property of irradiated reactor pressure vessel support system, the
low-temperature influence is considered as a sensitive factor in predicting temperature transition

for the fracture toughness and the yield strength. When analytic methods are used for a prediction,
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a cautious approach is required since most of the analytic equations were derived from the reactor
pressure vessel surveillance test data which has a higher temperature than the support system.

The relatively large reference temperature variation moved the fracture toughness in the
exponential Equation (3), 44% decrease in fracture toughness initiates from the 25% maximum
design fluence level. The fracture toughness trend shows an almost steady value the after. The
reason can be explained as follows. The copper and the phosphorus which affect the irradiation
hardening reaches to the upper bound and the matrix defect does not influence in this case. The
yield strength increase trend is also similar to the fracture toughness.

From the failure assessment of the irradiated RPV supports, the fracture toughness decrease
is a parameter more critical rather than the yield strength increase. The maximum permissible
assessment points were plotted in the upper part where the toughness ratio governs, rather than to
the right part which is the increase of load ratio. The long-column type reactor pressure vessel
support system would be predominantly controlled by the brittle fracture mode.

The cracks classified as allowable in the fabrication phase did not cause failure either in the
maximum design fluence condition or extreme load events. The in-service maximum allowable
size of crack were plotted in the acceptable region in the unirradiated condition. However, after it
is irradiated, the maximum allowable crack of surface type surpasses the FAD envelope.

The stress intensity of the surface crack shows conservative result corresponding to its depth
compared to the embedded crack. The surface crack may need the depth measurement or to be
assumed to classify as a deep crack for a conservative assessment.

When the severe events occur, the cracks which are irradiated tend to move to the
unacceptable region more effetively than the unirradiated ones. Likewise in the structural margin,
the more irradiated cracks lose considerable structural margin when it comes to the level D load
event compared to the less irradiated cracks.
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3. STRUCTURAL STRESS DETERMINATION AT A HOT-SPOT

3.1 Introduction

Structural stress analysis is a key procedure to perform a failure assessment in pressure
vessel and piping components as the state of stress and deformation are needed for plastic collapse
and fracture evaluation. The structural stress in this paper has the meaning of the stress developed
in the component across the section thickness, in the form of membrane stress and bending stress
in structural analysis. Meanwhile, the finite element analysis (FEA) has been widely used as a
practical method to enhance the accuracy over the various structural details so that the structural
stress is readily obtained, particularly convenient in shell elements. However, if the structure has
a relatively thick cross-section or thickness with complex geometry, then it is recommended not
to use the shell elements because the shell theory is less accurate for that geometry. In that case,
solid continuum element would be more suitable.

The solid element stress analysis needs an interpretation process such as the stress
linearization proposed by Kroenke [70] and Gordon [71] to calculate structural stress in the form
of membrane and bending stress. The FEA stress result is total stress combined with non-linear
peak stress and the structural stress. The structural stress is taken in a highly concentrated region
so the stress in that location usually includes the peak stress in it. Thus, the structural stress needs
to be classified in each form of stress separately excluding the peak stress [62]. Moreover, in the
highest stressed regions (referred as ‘hot-spots’), singularities are often generated together with
the stress analysis result, depending on the geometry and the load combination.

Particularly, this excessive stress in a hot-spot may reach to infinity in a linear elastic
analysis if the mesh around this area is sufficiently refined. When the three-dimensional (3D) FEA
model is subjected to loads in all three coordinate axes, the singularity affects the structural stress
value even though the structural stress was averaged through the thickness. The structural stress
determined in a 3D linear elastic analysis is found to be subjective, such as stress divergence with
mesh sensitivity, also the structural stress dropping near the hot-spot. Because the six stress
components of the orthogonal coordinates are to be substituted into a form of the von Mises
equivalent stress or stress intensity, all the stress components influence the von Mises stress

whether the stresses components are valid or not.
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The works of Kalnins [64] and Trieglaff et al. [72] found relatively non conservative
equivalent structural stress in discontinuities. Including Strzelczyk and Stojakovic [73] and
Hossain et al. [74], many studies identified the structural stress result is inconsistent, usually in the
axisymmetric 3D model.

Meanwhile, there are guidelines for defining the structural stress in 3D. One of the most
precise 3D structural stress guidelines of Hechmer and Hollinger [75], endorsed by ASME BPVC
Section VII1-2 [62] and Welding Research Council Bulletin 429 [76] provide the guidelines to
place the stress classification line (SCL) in a valid location and define the stress using the stress
classification rules of the design codes.

Still, engineers often find a gap between applying these guides and the analysis. Valid stress
measurement points and the highly stressed regions do not always correspond to same location
and stress components to be considered are not clear in the same way by the purpose of analysis
between the fatigue analysis and the failure analysis. Also, depending on the failure criteria
definition, the equivalent stress results are varied. Therefore, comprehensive methods to determine
the structural stress in hot-spots have been largely studied such as, the measurement location or
the effective stress to be considered.

However, as an alternative proposal to remove the inconsistency in the 3D FEA hot-spot
structural stress analysis, this study divided the 3D geometry into two 2D models in orthogonal
directions. After that, five different methods applied in 2D to determine the structural stress. Given
that the previous studies, such as Kalnins [64], Trieglaff et al. [72], Strzelczyk and Stojakovic [73]
generally covered axisymmetric models for 3D structural stress determination, the transverse stress
along the through thickness direction creates the exaggerated structural stress with singularities,
the two 2D plane models are needed to study a 3D geometry. Among the applicable previous
studies for estimating the structural stress in hot-spots, five approaches are selected for a
comparison study, including the stress linearization [62], single point away measurement
introduced by Niemi et al. [63], extrapolating stress components applied by Kalnins [64], stress
computing from equilibrium equation proposed by Dong [77] and the nodal force method stated
by Gordon [71] and Dong [77]. The determined structural stresses in the 2D FEA model are
reconstructed as the Cauchy stress tensor components in the 3D stress matrix and are used for the

comparison study.
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For the 3D FEA stress analysis, a reactor pressure vessel support (RPV support) of a nuclear
power plant was selected. The RPV support is a long column type support. It has a relatively thick
cross-section in two orthogonal coordinates so the solid continuum element is more applicable for
analysis. This support consisted of different cross-sections which are to be gross discontinuities
having hot-spots in the 3D model. This support will be vertically divided into two sections

according to the X coordinate and Y coordinate.

3.2 Technical Overview

This section will cover the hot-spot stress concept in FEA and the procedures to determine

the corresponding structural stress using different methods.

3.2.1 Hot-Spot Stress Concepts in FEA

The FEA is usually performed to obtain an accurate stress distribution of a component. In
the stress analysis result, there may be some highly stressed spots over the structure. These spots
are called a ‘hot-spot’ generally used in the fatigue analysis to identify the most stressed regions
[63]. The increased stress at a hot-spot (o;4¢4;) CONtains the added non-linear peak stress (oy,,) to

hot-spot structural stress (ay), as expressed in the Eq. (18) and depicted in Fig. 3.1

Ototal = Ons t Onip (18)
The hot-spot structural stress (oy) means the structural stress (o5) at a hot-spot. The

structural stress (a5) includes the membrane stress (o;,,,) and bending stress (a3,).

Gy = O + 0y (19)

The membrane stress is the mean stress through the thickness of the section and the bending
stress is the linearly proportional stress across the section as given in Eq. (19) and shown in Fig.
3.1. These two structural stresses are used to perform a brittle fracture or crack-like flaw
assessment in a form of stress intensity and reference stress [7].

Unless a specific concerned region of a failure assessment component is selected, usually
the largest structural stress spot is recommended to select for a conservative failure analysis
according to the ASME BPVC Section VII1-2. Typically, the stress determination would be located
at a gross structural discontinuity location for failure analysis. The structural stress is a significant

parameter in the failure assessment and the largest structural stress can be identified at the hot-
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spots. Therefore, as illustrated in Fig. 3.1, the structural stress needs to be determined in the hot-
spot to exclude the non-linear peak stress from the total stress and classify the accurate structural

stress in a form of membrane and bending stress without being disturbed by the singularity effect.

Stress

Total Stress, Ototal = Os + Onip

— Non-linear Peak Stress, 0y,

T

— Structural Stress, 0;= 0,,+ 0},

(53 R .

Distance from Hot-spot

R
I =
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|

i

Fig. 3.1. Stress distribution, identification of structural stress (membrane + bending) and non-
linear peak stress at hot-spot

In computing the structural stress of the solid element FEA, the structural stress cannot be
derived directly from the FEA. Hechmer and Hollinger [75] compared two stress evaluation
approaches between the ‘stress-at-a-point’ and ‘stress-along-a-line’. The stress determined at a
point was introduced as the simplest but the least accurate method. Thus, taking the stress value at
asingle point from the stress distribution result would not be desirable. Given that the solid element
cannot provide the structural stress which excludes the peak stress at a point, so the stress
linearization is applied to read by ‘stress along a line’ method. To follow the ‘stress-along-a-line’
evaluation and get classified structural stress in solid element analysis, the stress classification line
(SCL) should be defined in the FEA program. The SCL is used to extract the stress components
along the through thickness (t) of the section. The stresses found across the section are computed

as the membrane and the bending stress tensor components (o;;m),0ij)) With Eq.(20) and
Eq.(21). For the membrane stress, the a; () are needed for all the stress components. Meanwhile,

for the bending stress, the o,y are calculated with the stress components which are normal to the
SCL.
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1 t
Oijim) = ?L Sij dx (20)

6 (¢ t
O-ij(b) = t—zf SU (E — .X') dx (21)
0
The stresses are classified by stress components, such as normal stresses S;4, S,», S33 and

shear stresses S;,, Si3, S23. They are averaged along the thickness in each component

(0ijom) » Tijvy ) t0 compute the three principal stresses (oy, g, 03), Which are converted into the

von Mises equivalent stress (a,) by Eq. (22). These Eq. (20) to (22) are from the stress linearization
guide in ASME BPVC Section VI1I-2 [62] and the fitness-for-service document API1 579-1/ASME
FFS-1[7].

O = i [(01 — 02)% + (05 — 03)2 + (03 — 0)%]°° (22)

V2

It should be noted that this study covers only the structural stress so that the peak stress is
excluded in the hot-spot. Furthermore, the von Mises equivalent stress is implemented for every
structural stress result in this study because the failure assessment of API 579-1/ASME FFS-1
method is based on the von Mises yield criterion. Thus, the structural stress result would be rather
low as Trieglaff et al. [78] confirmed from a round-robin study.

However, when a FEA program is used in a stress analysis, in spite of the many benefits of
the FEA, a numerical disturbance phenomenon often occurs in the hot-spot. This is called the stress
singularity. The stress at a singularity contains not only the concentrated stress from geometry but
also the unrealistic stress which runs toward the infinite value depending on the mesh size. Given
that a hot-spot is mostly at the discontinuities, particularly at a sharp corner or a notch, the stress
singularity is usually observed at the hot-spot. Therefore, it is quite challenging to identify the
structural stress in the hot-spot excluding not only the non-linear peak stress but also the singularity.

3.2.2 Stress Studies around the Hot-Spot

To understand the structural stress at the hot-spot with the singularity influence, three
preliminary studies were performed. One is the stress value at the singularity and the second one
is the structural stress at the hot-spot measured over the SCL passing the singularity. Lastly, the
structural stress variation according to the distance from the hot-spot was studied. In each study,

comparison studies were added between the two-dimensional (2D) models and the three-
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dimensional model (3D) and different FEA element sizes. The structural stress value was
computed by the ABAQUS stress linearization post processing routine [47], which will be
discussed in section 3.4.1 in detail. The ABAQUS linearization report provides classified structural
stress into membrane stress, bending stress and nonlinearly varying peak stress.

The 2D stress analysis result is represented by the case study of the Kalnins [64] with an
additional even finer mesh size. The 2D model, illustrated in Fig. 3.2 (a), is two overlapped 12 mm
thick-plates subjected to a 1,200 N tensile force with the left end restrained from vertical and
horizontal displacement and the right end restrained from vertical displacement. The modulus of
elasticity, E of 207 GPa was chosen and the Poisson's ratio was 0. The FEA element used in this
model was mostly 2D 8 - noded quadratic solid plane strain quadrilateral element (CPE8) and
partly 2D 6 - noded quadratic solid plane strain triangle element (CPEG6) near the hot-spot. These
FEA models have different mesh sizes of one element through the thickness and two elements and
four elements through the thickness. The singularities were observed at the hot-spot from the linear

analysis and SCLs were defined passing the singularities, see Fig. 3.2 (a).
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Fig. 3.2. Stress analysis result of 2D plate in tension (Based on the model from Kalnins [64])
(a) 2D Finite element model example (b) Normal stress to SCL result for each number of elements
The 3D linear stress analysis was performed using the RPV support model according to
the APR 1400 design control document [16]. The 3D RPV support FEA model and applied loading
are shown in Fig. 3.3(a). The RPV support is comprised of 7 in. (178 mm) thick flange plate, 30
in. x 11 in. (762 mm x 279 mm) rectangular cross-section support column and 10 in. (254 mm)

thick-base plate. The overall height is 20 ft (6.1 m) and fixed at base plate with the shear key
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embedded in concrete foundation. The modulus of elasticity, E is 27,847 ksi (191,998 MPa) and
Poisson s ratio is 0.3. These material properties are taken from the service temperature, 150° F (66°
C), of the SA-508 steel provided in ASME BPVC Section 1I-D [45].

The applied meshes are in three uniform sizes, 0.5 in. (12.7 mm), 1 in. (25.4 mm) and 1.25
in. (31.8 mm) with 3D 20 noded quadratic structural solid element (C3D20). The forces and
moments shown in Fig. (a) are applied on the flange plate in x, y and z directions. This support
column is built up by forging, in one piece with typical fillet radius of 1 in. (25.4 mm) at the
intersection of the flange and the column. However, modelling fillet was not possible because it
produces distorted elements in the 3D mesh so sharp corners were hard to be avoided. There were
two hot-spots generated at the column in discontinuities. In this analysis, the hot-spot between the
flange and the column was selected where the fillet modelling was not feasible in 3D solid mesh.
Besides this hot-spot with singularity, several SCLs were additionally selected at and away from
the hot-spot. The SCLs for the 3D model are indicated in upper right side of Fig. 3.3(a).

(@)

Singularity/

— SCL
Stress

[Applied load at top of the flange]

Direction Force
, F, (kN) 605
py (kN) 534
x'J F, (kN) 12,597
My (kN-m) 1,429
M, (kN-m) 1,722
M (kN-m) -92

[FEA Mesh]

Fig. 3.3. Stress analysis result of RPV support 3D FEA

(a) 3D Finite element model, 1” mesh size mesh and the load applied; (b) Von-Mises stress result
from the corner; (c) Structural stress result of SCL from the corner in the hot-spot (To convert to
MPa, multiply values in ksi by 6.894. To convert to mm, multiply values in inches by 25.4.)
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The stress result of each model showed the stress singularities as expected. In 2D analysis,

the stress normal to SCL at singularity with one element through thickness mesh FEA shows 336

MPa but the stress with four elements through thickness mesh was 474 MPa (Fig. 3.2 (a)).

Likewise, in the 3D model the stress plot of Fig. 3.3 (b), the singularity stress shows about 10 ksi

(69 MPa) difference between the different mesh sizes. The stress measuring points of Fig. 3.3(b)

are dotted on the Fig. 3.3 (a). Not surprisingly, the observed singularity stresses were unreliable

showing different value for the different mesh size.

Meanwhile, the hot-spot structural stresses of 2D FEA show mesh insensitivity as given in

Table 3.1, whereas the 3D results do not. Table 3.1 shows that the structural stress results give
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similar values for all three mesh sizes even though at the singularity, at the beginning point of SCL,
the stress showed divergence (see Fig. 3.2 (b)). It means that the stress linearization in the 2D

model results in constant structural stress irrespective of the element size.

Table 3.1. Structural stress result of 2D plate in tension (in MPa)

Number of elements Membrane Stress Bending Stress Stress at Singularity
through SCL 0'22(m) O-ZZ(b) 522
1 100.0 223.1 335.9
2 100.0 224.3 393.3
4 100.1 224.5 473.7

On the other hand, it can be claimed that at least in the 3D analysis, the structural stress of
a hot-spot may be inaccurate depending on the mesh size. In the Fig. 3.3 (c) and Table 3.2, the
structural stress near the singularity of the 3D RPV support showed different values by element
sizes. The structural stress difference at the singularity was approximately 10 ksi (69 MPa)
between the different mesh sizes. Taking into account of the elements across the SCL which are
confining the load in perpendicular direction to the SCL, the analyzed structural stress components
in 3D may still have exaggerated stresses affected by singularity, although structural stresses are
an averaged value.

Table 3.2. Structural stress result of 3D RPV support (in ksi2)

Element Size Membrane Stress Bending Stress Stress at Singularity
Om Op O¢
1.25” 21 19 56
1” 25 23 72
0.5” 32 29 84

& To convert to MPa, multiply values in table by 6.894
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Fig. 3.4. 2D plates structural stress distribution along the distance from the hot-spot (6 mm mesh)
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Fig. 3.5. 3D RPV support stress distribution along the distance from the hot-spot (1” mesh) (To
convert to MPa, multiply values in ksi by 6.894. To convert to mm, multiply values in inches by
25.4.)

Some other structural stress distribution graphs are plotted in Fig. 3.4 and Fig. 3.5 in order
to see the change in structural stress results with respect to the distance from the singularity. Fig.

3.4 is the structural stress distribution of the 2D example. The membrane stress, g, is averaged
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normal stress parallel with SCL. The other membrane stress, g,,(m) is averaged normal stress
perpendicular to SCL. Lastly, another membrane stress, the oy, is the average shear stress on
the SCL. These membrane stress components are substituted into the von Mises equivalent stress,
expressed as og,,. Fig. 3.5 shows the structural stress of the 3D example measured in different
locations along the local coordinate number 3 axis coordinate from the singularity. In 3D FEA

stress linearization, o33y and 0q3(m), O23(m) are added to other three in-plane components,
O11(m) » O22(m)» and Oyz(my. The 0330y is averaged normal stress in the 3-axis direction,
perpendicular to the SCL. The 013, and the a3, are the averaged out-of-plane shear stresses,

flow on the respectively local 1 and 2 coordinates, toward the local 3 coordinate.

From the results of Fig. 3.4 and Fig. 3.5, a distinctive point in stress variations is observed
that the hot-spot structural stress location does not correspond to the maximum stress location of
the FEA stress distribution result. Seeing the variation of the structural stress, whether it is 2D or
3D, the maximum structural stress is not at the point of singularity, where it was determined as the
maximum stress point from FEA. It means that the stress result from the FEA stress analysis does
not correspond to the structural stress result. The hot-spot location is usually expected to be at the
geometric discontinuities, specifically on a smaller section of the model because the structural
stress is concentrated and the peak stress (oy,;,,) is maximized. Unless the model parameters are
changed in the hot-spot region, the decreased structural stress at the hot-spot is hardly explainable.

The reason for the dislocation between hot-spot structural stress and the FEA total stress is
assumed to be the exaggerated stress components within the influence of singularity. As the
measuring point approaches the hot-spot, the decrease of the structural stresses (o,, o3, ) and

increase of the averaged stress components (a;j¢my) occurred together. Considering that the

structural stress is calculated by the von Mises stress Eq. (22), using the increased stress
components near the singularity would drop the equivalent structural stress.

From these two examples, several characteristics of the hot-spot stress determined by FEA
are identified. First, the stress value at the singularity was exaggerated depending on the mesh size.
Second, the 3D model shows structural stress divergence at singularity. Lastly, the structural stress
analyzed by stress linearization decreased at the hot-spot so the maximum structural stress location

is not corresponding to the maximum stress result of the FEA.
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3.2.3 Scope and Objective

From the observed findings from Section 3.2.2, this study aimed to investigate the 3D
structural stress at the hot-spot excluding the mesh sensitivity and singularity. The 3D model will
be divided into two 2D plane models to resolve the confined stress in 3D SCL and remove the
sharp edges to relieve the singularity. The structural stress will be estimated in the 2D FEA model
in each of five different approaches to compute reasonably accurate values. Also, not only the
structural stress value, the mesh sensitivity and the structural stress decrease effect will be
investigated for each method. Lastly, the structural stress from two 2D models will be assembled
to a 3 x 3 stress matrix to derive the structural stress in 3D analysis result to propose the most

suitable structural stress approach for 3D solid element FEA.

3.2.4 Previous Studies in Hot-Spot Stress Using FEA

The hot-spot stress approaches were initiated from the fatigue analysis of offshore structures
and expanded for use to other types of plate structures. With the need of assessing fatigue life
particularly the welded part under the cyclic loads, the approaches of structural stress
determination has largely been developed. The International Institute of Welding (11W) provided
a hot-spot stress determination method based on the Niemi and coworkers™ study on the stress in
fatigue analysis [63]. They developed the surface stress extrapolation procedures. Also, the stresses
at the discontinuities were widely studied using the stress concentration factors for specific joints.
However, these approaches were often sensitive in mesh size, geometries and loading modes.
Depending on the structural geometry and size, the stress concentration factors had been
investigated [79-82]. In consideration of structural force and moment equilibrium independent of
the influence of the mesh size and loading modes, another stress analysis method was presented
by Dong [77]. Furthermore, as the design and analysis of pressure vessels or tubular structures use
the categorized stress from the FEA result, the stress classification has been focused on as a
prominent issue. Gordon [71] compared the structural stress calculation in various approaches. Lu,
Chen and Li [83] proposed to decompose the stress from FEA. Hollinger and Hechmer [65]
developed the 3D structural stress criteria for ASME BPVC VIII-2 [62]. Strzelczyk and Stojakovic
[73] and Kalnins [64] discussed the stress and stress intensity in singularity. To decrease the effort
of solid element stress linearization method, Strzelczyk and Ho [84] proposed an element stress
linearization method and simplified the non-linear stress distribution. Helénon et al. [85] proposed
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an approach to distinguish the high stress in FEA whether it leads to failure. Rother and Fricke [86]
suggested a method to derive notch stress in low stress concentration. Muscat et al. [87] compared
the structural stress approaches in pressure vessel components with mesh density and different
elements in 2D. Pedersen [88] analyzed the multi-axial load criteria with respect to the probability
of fatigue failure. Mackenzie [89] studied the stress linearization restrictions in elastic design by
analysis and Trieglaff et al. [72] compared the methods for structural stress determination of
European Pressure Vessel Standard (EN 13445). The recommended guides to understand
structural stress are endorsed in the American Society of Mechanical Engineers (ASME) BPVC
code [37,62] and Welding Research Council (WRC) designer's guide [63].

3.3 Computational 2D Model of RPV Support

The RPV support 3D model discussed in the preliminary study in Section 3.2.2 was

vertically cut into two 2D models, Xand Y'sections, as illustrated in Fig. 3.6.
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Fig. 3.6. Reactor vessel support FEA stress analysis in 2D and 3D

The forces of 3D model separately applied to 2D models to avoid overlapping when they

are constructed in a 3D stress matrix. The shear force F, and moment force M,. act in the X section
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and the shear force F,, moment force M,, and tension force F, act in the Y section. The only
ignored force component is the twisting moment, M,. The M, was so small relative to other forces
that it is hardly effective in analysis. See Fig. 3.6 for the applied loadings. Each 2D model is
including the two hot-spots which were previously found in 3D analysis in Section 3.2.2. The hot-
spot 1 is the point where the rectangular column section changes to the trapezoidal frustum in the
bottom. The hot-spot 2 is in the upper corner of the column where the column intersects to the

flange. These two hot-spot locations are marked with red arrows in Fig. 3.6 and Fig. 3.7.
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Fig. 3.7. The stress distribution along the vertical direction through the structural hot-spots (To
convert to MPa, multiply values in table by 6.894. To convert to mm, multiply values in inches
by 25.4.)

The Fig. 3.7 shows the structural stress distributions on the 2D - ¥'section along the height,
derived from the ABAQUS stress linearization in using 0.4 in. (10 mm) uniform mesh size. As
shown in the stress plot in Fig. 3.7, a large magnitude of peak stress occurred at hot-spots and

structural stress decreased at hot-spots.
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3.3.1 Finite Element Modelling

The RPV 2D model linear analysis was carried out using the finite element program,
ABAQUS 2017 [47]. The model was meshed using 2D 8 - noded quadratic structural solid plane
stress elements, CPS8, because the stress perpendicular to the 2D section at nominal location was
found to be negligible in 3D analysis. There were six models built to examine the mesh sensitivity,
in three different mesh sizes of 0.4 in. (10 mm), 0.25 in. (6.4 mm) and 0.1 in. (2.5 mm), and in
both X and Y sections. The mesh size was selected based on the suggested element size from the
Niemi et al. [63]. They introduced two suggested mesh sizes. One is the 10 mm size course mesh
to screen the hot-spot location and the other one is 4 mm and less size which is a finer mesh to
check the stress in detail. In accordance with the suggested element size, the course mesh is
represented as 0.4 in. (10 mm) mesh and the finest mesh is 0.1 in. (2.5 mm), and medium sized
mesh is 0.25 in. (6.4 mm). The same material properties as listed in the 3D FEA model in Section
3.2.2 were used.

The 2D model configuration and applied loads are presented in the right hand side of Fig.
3.6. The RPV support in the X section consists of 30 in. (762 mm) width 214 in. (5,436 mm) long
column support, 7 in. (178 mm) thick and 52 in. (1,321 mm) width flange plate and 10 in. (254
mm) thick and 73 in. (1,854 mm) width base plate. The components in the ¥ - section have the
same height as the X - section because they lie in a perpendicular plane to the X section. The
column width in the Y- section is 11 in. (279 mm), 30 in. (762 mm) width flange plate in the upper,
and 56 in. (1,422 mm) width base plate are attached to the column support. The applied load values
are shown in Fig. 3.4. The F,, F, and F, forces are distributed over the top of the flange. The
applied load values are converted to distributed loads by dividing the load by the transverse section
thickness and the upper flange plate width.

Another difference between the 2D and 3D models is the fillet modeling. In 2D models,
a fillet of 1 in. (25.4 mm) fillet radius was created at the intersection of the flange plate and the
column support which is at the start point and end point of the hot-spot 2 SCL line. Likewise, 0.2
in. (5.1 mm) radius fillet was modeled on the top of the trapezoidal section where hot-spot 1 SCL
line starts and finishes. The 1 in. (25.4 mm) fillet was specified in the design documents, however,
the 0.2 in. (5.1 mm) fillet was not specified in the design documents, but a reasonable size fillet
considering the forging process. All structural stress estimating approaches in this study used the
fillet 2D model. To check the fillet effect, a no-fillet-2D model was also created for comparison.
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3.3.2 The Method of Assembling the Structural Stress Result in 3D Using the Result of 2D
Models

The 3D hot-spot structural stress along the SCL passing through the singularity is calculated
from the 3x3 matrix with six stress tensor components as expressed in brackets in the lower left

corner of Fig. 3.8.

y

T12(m) 0193(m)
ainHHng C HHHH ng
Tsa —sa i
‘szz(m) +"2y2(b) | 0320m) T 022(5)
il ’ :|m||||II|||||HHHHHHH“HHHHM

Structural‘”
hot-spot 2

(Local) (Local)

2D - Y section 2D - X section
0 0 O12(m)
0 a7 (m) 0
X
O'S = 0 O12(m) = O-l)g(m)
' 22(m)+ 22(b) Symmetric 022(m)+022(b) Symmetric 522(m)+022(b)
Symmetric E 0.22 (m) + 0.22 ®)

Fig. 3.8. The stress matrix composition of the RPV support FEA stress analysis
The 2D — X and Y section and corresponding stress components (Ulz(m)’ 52(m)" 12(m))
are following local coordinate system. The applied loads illustrated in Fig. 3.8 are to be applied on
the top surface of the flange plate in the analysis. However, the flange plate was omitted from Fig.

3.8 for clarification to show the SCL line. The F, and F, generate the shear stress (075, 12(m))

and the E, is converted to the normal stress (a S2(m )) The moments (M,, M,,) contribute to
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perpendicular stress over the SCL, which are the bending stress (023’2(1))) and the normal stress
(035 (my)- The loads to be applied to the Y section are F,, M, and F; forces. An SCL in the Y section
along the thickness is set to get the stress components by the stress linearization method. In the
stress linearization result, the F, will be expressed in the form of the averaged shear stress

alyz(m)and the F, and M,, will return the normal stress Uzyz(m) acting on the SCL. The bending

stress a3,y Will be the result from the M, force. Likewise, in the X section, the applied F;

generates the shear stress, afz(m) and the M, generates the bending stress o35 ,)and the normal
Stress a5y ().

Considering the coordinate system in 3D analysis, the shear stress of Y section (Ulyz(m)) IS
inserted into the S5 location and the shear stress in X section a7, ,,,y Will compose the S, location
in the matrix. Meanwhile, F;, M,, and M, forces stretch the support to the 3 direction. Therefore,
the stresses generated by this stretching direction, such as ng(m)'f’zyz(b)'f’zxz(m), and a5,y Will

be included in the S35 location. The ag’z(m), 032my @nd 035, account for membrane stress

because they are constant through the SCL. It should be noted that the o3, , taken from the X
direction SCL, acts as constant membrane stress in 3D and this contributes to the hot-spot stress

to affect the higher stress value. The G;‘Z(b) is illustrated in the stress distribution along the SCL,
upper right part of Fig. 3.8. When it comes to include the bending stress, the stress linearly varies
perpendicular to the SCL direction, and ag’z(b) should be included in the matrix.

Meanwhile, the stress value in the matrix expressed in zero may occur depending on the
stress components to be considered in structural stress analysis. Depending on the structural stress
approaches, some normal stresses which are not from the mechanical load can be included in the
analysis. These cases will be defined after the analysis and introduced in section 3.5.2.

Except for these cases, the structural stress, which combines the membrane stress and

bending stress, is presented by the 3x3 matrix in Fig. 3.9. For the membrane stress, the Uzyz(b)

should be removed from the matrix. By the matrix composed of the 2D sections, the principal

stresses and the von Mises stress are calculated by the Eg. (22).
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3.4 2D Structural Stress Analysis

This section will review the available approaches to hot-spot stress and estimate the
structural stress based on the 2D RPV support computational models discussed earlier. The
structural stress will be measured at three points: hot-spot 1, hot-spot 2 and a reference point away
from the discontinuities. The reference point is at 116 in. (2.94 m) height which is half of the
column height. This point is where the cross-section is far from the hot-spots so that peak stress
effect is negligible compared with the hot-spot stress. These three locations are presented in Fig.
3.7. The structural stress is normalized by nominal stress to observe the influence of the hot-spot
using the Eq. (23).

SSR = 05/0nom (23)
The structural stress ratio (SSR) is computed by dividing the structural stress (o) of the
point by the nominal structural stress (o,,,)-The nominal structural stress is obtained by hand
calculation using the classical beam theory. The nominal stresses including membrane, bending
and structural stresses at each point are provided in Table 3.3. There were three models with
different sizes of elements to study the mesh sensitivity with respect to locations and estimating

approaches.

Table 3.3. Nominal structural stress (a,,,,,) in €ach spot in ksia

. Membrane Stress Bending Stress Structural Stress
Location
(Om) (op) (0s = 0 + 0p)
Hot-spot 1 13.12 21.55 34.67
Reference Point 8.63 5.92 14.55
Hot-spot 2 16.95 18.55 35.50

& To convert to MPa, multiply values in table by 6.894
The structural stress obtained from ABAQUS stress linearization tool is used for

comparison together with each hot-spot stress approach result to identify the changes of structural
stress near hot-spots. A comparative study of different structural stress approaches is carried out
in the Y section on behalf of the 2D FEA study because the loads applied in Y are larger than X.
The X section results were calculated separately and were presented in Section 3.5 to construct 3D
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FEA structural stress. In each analysis, the stress result was selected with no averaging option in
ABAQUS for conservative results.

In the following sections, the structural stress determination approaches applied in 2D FEA
will be explained and their stress results will be provided.

3.4.1 Stress Linearization

In solid continuum element models, the stress result from FEA is total stress. Therefore,
the membrane and bending stresses should be computed separately from the total stress, and a line
across the thickness of the section is needed. Therefore, the stress classification line (SCL) is
defined across a section through the thickness to compute the structural stress. Stress linearization
is classifying the stress components in all directions along the SCL and computing the von Mises
equivalent structural stress using the Eg. (20) to (22). This study used the ABAQUS stress
linearization tool, which conveniently computes the structural stresses. The SCL paths were
defined to pass through the singularities of the two hot-spots and the reference point at the mid-
height of the column.

The results of the structural stress using the stress linearization are shown in Fig. 3.9 and
the stress values for 0.4 in. (10 mm) mesh size are provided in Table 3.4. In Fig. 3.9 (a), the
structural stress of the two hot-spots shows relatively smaller results as compared to the nominal
stress. The smaller structural stress result in hot-spots is similar to the result obtained from the
preliminary study in the 3D RPV support example analysis presented in Section 3.2.2. At the hot-
spot 2 the SSR is approximately 0.90 while the hot-spot 1 SSR is about 0.97. Meanwhile the SSRs
of reference point are 1.0 which means that the structural stress is the same as the nominal stress
value. In all measuring spots, mesh sensitivity is not very influential to the result when the stress
linearization approach is applied. This result supports that the 2D FEA does not have mesh
sensitivity, with respect to the structural stress results. This was also observed at the plate example

result of Kalnins [64] presented in Section 3.2.2 and the preliminary study in Table 3.1
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Fig. 3.9. Structural stress result from the stress linearization

(a) Comparison of mesh sensitivity at hot-spots and the reference point, (b) Distribution of the
structural stress close to the hot-spot 2, comparing the fillet model and the no fillet model in
ABAQUS linearization at hot-spot 2 with 0.4” (10.2 mm) mesh size (To convert to mm, multiply

values in inches by 25.4.)
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Table 3.4 The structural stress measured from the hot-spots in 0.4 in. (10.2 mm) size mesh, 2D
model (Y section, in ksi @)

Structural stress (ksi)

Method Hot-spotl Hot-spot?2
Om Op Os Om Ob Os
Fillet modelling 8.3 21 29 7.8 17 25
Single point away from 8.3 21 29 8.0 18 26
hot-spot [63] ' '

Extrapolated in 2D [64] 8.6 21 30 8.5 19 27

Stress from equilibrium
8.3 21 29 8.0 18 26

[77]

Nodal force method [71] 8.6 21 30 8.5 19 27

&To convert to MPa, multiply values in table by 6.894

The structural stress plot with respect to the distance from the singularity of hot-spot 2 is
plotted in Fig. 3.9 (b). As expected in the Fig. 3.3 Fig. and Fig. 3.9 (a) graphs, the structural stress
near the singularity shows a decrease when it is derived using the ABAQUS stress linearization
tool. This conforms to the decrease of structural stress observed in 3D FEA presented in Section
3.2.2. Given that the fillet modelling was not feasible in 3D analysis, another 2D model with no
fillet was modeled and processed with the stress linearization approach to check the effect of the
fillet modeling, plotted in dashed line with x-shaped markers. The SSR at the singularity of the
model with a fillet is 0.93 and the model without a fillet is 0.86. In the model with a fillet, the
nominal stress drops as the fillet enlarges the area of cross-section. Thus, the slope near the hot-
spot rebounded in the fillet model. This fillet modeling helped to relieve the amount of SSR with
a increase in the hot-spot by 8% compared to without fillet case.

The benefit of modelling the fillet in structural analysis was observed in Fig. 3.9 (b) in
terms of the rebounded SSR in the hot-spot. Moreover, the stress divergence is quite removed at
the fillet. The von Mises stress result at hot-spot 2 of the Y section is given in Fig. 3.10. When the
model was created with a fillet at the reentrant corner, the maximum stress range was from 58 ksi
(400 MPa) to 59 ksi (407 MPa) in different mesh sizes. However, the maximum stress in the no-
fillet models show considerable difference according to the mesh sizes. In particular, the 0.4 in.
(20 mm) mesh size shows 91 ksi (627 MPa), while the 0.1 in. (0.25 mm) mesh showed 168 ksi

(1,158 MPa) maximum stresses. Therefore, even though the 2D analysis with a fillet still showed
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decreased structural stress at hot-spot, it can be claimed that the singularity problem seems to be
solved after removing the reentrant corners and adding fillet. However, it is not reasonable to state
that the singularity effect was removed in structural stress analysis because the structural stress
result still drops near the hot-spot.

With
Fillet

Result 0.4 in. mesh, Max. 58.32 ksi 0.25 in. mesh, Max. 58.75 ksi 0.1 in. mesh, Max. 59.14 ksi

No
Fillet

Result 0.4 in. mesh, Max. 51.09 ksi 0.25in. mesh, Max. 108.5 ksi 0.1in. mesh, Max. 168.0 ksi

Fig. 3.10. The maximum von-Mises stress at hot-spot 2 from the 2D Y section model (in ksi, To
convert to MPa, multiply values in ksi by 6.894. To convert to mm, multiply values in inches by
25.4.)

As discussed in Niemi et al. [63], stress linearization is generally applicable to where the
discontinuities in geometry occur on the surface such as the fillet weldment region. Stress
linearization in a thick plate type structure is not recommended because of the possibility of
structural stress exaggeration. Reminding that the thicknesses of the model are 11 in. (279 mm) in
Y direction and 30 in. (762 mm) in X direction (see Fig. 3.6). The singularity occurred at the gross
discontinuities, the stress linearization approach may be not recommendable. Kalnins [64] also
discovered a similar trend in structural stress analysis suggesting that the stress linearization using
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FEA should not be used where the SCL passes through the singularity because the value of
equivalent stress output is not valid, rather smaller than expected. From this observation, an
alternative approach was proposed. Kalnins extrapolated exaggerated stress components at the hot-
spot. This extrapolating approach will be reported in Section 4.3. Similarly, Niemi et al. [63]
proposed surface extrapolation using the structural stress in the vicinity of the hot-spot surface and

taking the structural stress at a single element away from the hot-spot which will be discussed next.

3.4.2 Stress at Single Point Close to Hot-Spot

Stress concentrates in a relatively short distance at the discontinuities of the model where
the stress flow has been disturbed (see Fig. 3.1). Niemi et al. [63] proposed that at a single point
sufficiently close to the hot-spot, the influence of nonlinear peak stress can be avoided. As
previously stated in section 3.4.1, this RPV support has a relatively thick section with global
discontinuities. According to the category of the hot-spot suggested in Niemi et al. [63], this RPV
support is classified as type “b”. The suggested extrapolation point for the type “b” is 5 mm.

Meanwhile, the proposed mesh size in Niemi et al. is smaller than 0.5 mm (0.02 in.) to
sufficiently the remove the influence of the stress singularity. However, meshing the 0.5 mm (0.02
in.) refined element size on the entire model is very inefficient since the major stress gradient
occurs at the location of hot-spots. Therefore, this study applied a gradual mesh size from 0.5 in.
(12.5 mm) to the 0.008 in. (0.2 mm) size in concentric circular shaped partitioning near the hot-
spots as shown in Fig. 3.11 (a). The measurement point was 5 mm away from the hot-spot,
following the Niemi et al. [63].

Moreover, this study analyzed three additional models for the single point away approach.
The uniform mesh sizes of 0.4 in. (10 mm), 0.25 in. (6.4 mm) and 0.1 in. (2.5 mm) models were
added with no localized gradient mesh to check whether the peak stress was removed at one
element away with no mesh sensitivity. The 0.4 in. (10 mm) mesh size model is illustrated in Fig.
3.11 (b) indicating the single point for measurement at one element away distance. Note that, the
0.1 in. (2.5 mm) mesh size model also conforms with the Haibach [78] proposed distance of 2.5

mm.
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Fig. 3.11. Stress at single point away from the hot-spot approach in two different ways

(a) Meshed with a gradual mesh refinement near the hot-spot and stress measured at 0.2 in.
(5mm) away from the-hot-spot, (b) Measuring one element away from the hot-spot, illustrated on
the 0.4 in. (10.2 mm) uniform mesh size.

The results of single point away from the hot-spot shows some improved trend result
when it reaches the hot-spot compared to the stress linearization result. Fig. 3.12 (a) shows the
structural stress ratio results among the four different mesh sizes at the hot-spots and reference
point. There was no significant differences in the results between the two distances, both the one
element away and 5 mm away. That is, the mesh size was not affecting the structural stress result.
The hot-spot structural stresses were smaller than the nominal stress, but the decreased amount at
hot-spots were smaller than the stress linearization approach (see Table 3.4). In Fig. 3.12 (b), the
structural stress ratio shows a decrease when it approaches the hot-spot. Comparing the FEA

linearization result derived in section 3.4.1, plotted in dotted line in Fig. 3.12 (b), this single
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element away approach (of 0.4 in. (10 mm) mesh size) showed an increase in stress at the hot-
spots. However, the structural stress at the hot-spot with this approach is not significant compared
to the FEA linearization result. It is assumed that the measured location still has the peak stress,
but somewhat alleviated. Still the influence of the increase in stress components exists. Therefore,

the increased stress in each component will be examined next.
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Fig. 3.12. Structural stress result at single point away from the influence area of hot-spot
according to Niemi et al. [63]

(a) Comparison of Mesh sensitivity at hot-spot and the reference point, (b) Distribution of the
structural stress close to the singularity, comparing the fillet model and the no fillet model in
ABAQUS linearization at hot-spot 2 with 0.4 in. (10.2 mm) mesh size (To convert to mm, multiply
values in inches by 25.4.)
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3.4.3 Stress Extrapolation

From the 3D example stress analysis (see Fig. 3.5), the exaggerated stress components near
the singularity were observed. The stress extrapolation approach is used in Kalnins™ study [64] to
modify the increased stress components near the singularity. In Kalnins approach, the exaggerated
stresses are modified by extrapolating from the valid SCL location as illustrated in Fig. 3.13.
Therefore, the equivalent stress did not reduce considerably compared to the equivalent von Mises
structural stress disturbed by singularity. The reasonable value for the exaggerated stress
components are various per estimating methods. While Kalnins proposed the extrapolating value
for the exaggerated stress, Gordon [71] suggested to use the nominal stress value which can be
calculated from the mechanical loads. This study used both concepts depending on the stress
components. According to the ASME BPVC Section VIII-2, the valid SCL definition for the
normal stress component is where the stress distribution across the SCL (through the thickness)
varies monotonically. In case of the shear stress distribution, the distribution shape is close to the

parabolic at a valid SCL location.

=
= — — -

Invalid SCL =

Valid SCL \L

Extrapolated
-=-== FEA

Fig. 3.13. Stress extrapolation from the valid SCL

The distribution across the SCL plot for each stress component is derived by stress

linearization by the FEA program, illustrated in Fig. 3.14.
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Fig. 3.14. Distribution of stress components across the 11 in. (279 mm) section along the X axis

(@) S22 (normal stress perpendicular to SCL direction) distribution, (b) S12 (shear stress across
the along the SCL direction) distribution, (c) S11 (normal stress in SCL direction) distribution (To
convert to MPa, multiply values in psi by 0.0069. To convert to mm, multiply values in inches by
25.4.)
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The distribution across the SCL plot for each stress component is derived by stress
linearization by the FEA program, illustrated in Fig. 3.14. This figure shows the variations of
through thickness stress distribution with respect to the distance from the singularity along the Y
axis in each color. The red color line which fluctuates greatly is the hot-spot stress distribution,
while the black color line of almost no fluctuation is the stress distribution measured at 70 in. (1.8
m) away from the hot-spot. As the measurement distance goes far away from the hot-spot, the
distribution plot shows a reduction in fluctuation trend. The SCLs away from the hot-spot locations
are schematically illustrated in Fig. 3.13. Generally, as the SCL is far away from the hot-spot, the
graphs are showing gradual variation with smaller slopes. Among them, three locations are
selected to represent the plot in Fig. 3.15. The selected locations are 1 in. (25.4 mm) distance, 6 in.

(152 mm) distance, and 20 in. (508 mm) distance from the hot-spot.
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Fig. 3.15. Stress distribution from FEA linearization result

(a) Normal stress plot across the section, measured at 1 in. (25.4 mm) away from the hot-spot, (b)
Normal stress plot across the section, measured at 6 in. (152 mm) away from the hot-spot, (c)
Normal stress plot across the section, measured at 20 in. (508 mm) away from the hot-spot



87

The normal stress S,, plot in Fig. 3.15 (a) to (c), shows that the S,, stress distribution is
valid in all locations. They varied monotonically along the thickness except for the edges Fig. 3.15
(a), where the slopes are steeper than other locations due to the singularity effect. The slope of S,
decreases as it is measured further away from hot-spot.

At least 6 in. (152 mm) away from the hot-spot, the S, distribution can be regarded as
valid SCL. The shear stress, S;, plots show a parabolic shape in the case that it is measured further
than 6 in. (152 mm) away from the hot-spot as shown in Fig. 3.15 (b). At the hot-spot, the S;,
stress passing through the singularity shows exaggerated stress at the ends and shapes are distorted,
rather than parabolic (Fig. 3.15 (a)). This means the S;, stress distribution in hot-spots is not valid.

Meanwhile, the S,; plots which hardly show the valid points, are not monotonic
distribution in Fig. 3.15 (a) and (b). Even when it goes further, the S;; distribution at 20 in. (508
mm) away from a hot-spot dies out to zero as observed in Fig. 3.15 (c). The S;; value is
questionable since the nominal value does not exist while the S,, and S;, are the resultant stress
from of the applied load. The S;, stress was attributed to the F, force, and S, is originating from

the F, and M,,.
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Fig. 3.16. Comparison of the stress in each component after extrapolation (dashed lines are from
FEA linearization, solid lines are extrapolated)

(a) Normal stress plot across the section, measured at 1 in. (25.4 mm) away from the hot-spot, (b)
Normal stress plot across the section, measured at 6 in. (152 mm) away from the hot-spot, (c)
Normal stress plot across the section, measured at 20 in. (508 mm) away from the hot-spot
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To extrapolate the stress from the valid points, further plots were generated. The average
stress distribution with respect to the distance from the singularity in Y direction is shown in Fig.
3.16 and Fig. 3.17. The averaged stress variation along the Y direction and the extrapolated stress
plots are illustrated together in Fig. 3.16. The valid points per stress components can be found in
Fig. 3.17. In Fig. 3.16 (a), most of the o,,(;,) value was computed as 8.58 ksi (59.2 MPa)
consistently except in the vicinity of the singularity point. Near 1 in. (25.4 mm) from the singularity
point, the a,,n) slightly increased and soon reduced to 8.53 ksi (58.8 MPa) at the singularity.
Although the S,, SCL distribution around 1 in. (25.4 mm) distance from the singularity was valid
as shown in Fig. 3.15, the o,, ) Value near the singularity was extrapolated to match the nominal
value, 8.58 ksi (59.2 MPa).
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Fig. 3.17. Structural stress across the SCL along the distance from the singularity (Results from
the FEA linearization. To convert to MPa, multiply values in ksi by 6.894. To convert to mm,
multiply values in inches by 25.4.)

Likewise, the a1, is 0.412 ksi (2.84 MPa) at any location because it is identical with
the nominal oy, except for three points closest to the singularity. The stress at these points
showed steep fluctuation near the singularity as shown in Fig. 3.16 (b), so these three points are

invalid. The o1,m) Value was extrapolated to 0.412 ksi (2.84 MPa) at the singularity.
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As discussed about the nominal Sy,, the oy, does not originate from the mechanical
loads. So, it needs engineering judgement to modify because there is no nominal value. The Fig.
3.16 (c) shows that the 0,1, Of singularity reaches to 1.7 ksi (11.7 MPa) but it soon drops and
converges to zero value as it goes further away from hot-spot. Back to the Fig. 3.14 (c), the two
surface points, 0 in. and 11 in. (279 mm) along the X axis, show a large stress increase. This
exaggerated stress at the ends may contribute to the large membrane result near the hot-spot, so it
is determined to ignore the abnormally exaggerated value. Therefore the oy4(,) extrapolation
result is zero value in Fig. 3.16(c).

The bending stress, a,,(,) Was extrapolated from the valid point, 6 in. (152 mm) distance
away from the singularity. The valid point was defined following the o;,,)Vvalid point (Fig.
3.15(b)). The nominal bending stress should show a steady increase with a constant slope because
the moment generated by the shear force weakens as it approaches the singularity. However, as
shown in Fig. 3.17, the bending stress near the hot-spot slightly drops. To modify this decrease,
the g,,() Was extrapolated from the 6 in. (152 mm) distance away from the singularity. The valid
and invalid stress components are illustrated in Fig. 3.17.

The structural stress in the hot-spot using the stress extrapolation approach shows
improvement as compared to the two previous approaches, the stress linearization and the single
point away approach. The structural stress results of this extrapolation approach are illustrated in
Fig. 3.18. The SSR at hot-spot 2 was calculated based on the nominal stress at the fillet area. It is
notable that extrapolated structural stress does not drop at any location in Fig. 3.18 (a). The reason
for this result is that any disturbed stress component due to the singularity has been modified by
extrapolating. The modifications are: 1) exaggerated stress is reduced, and 2) decreased stress is
recovered to increase in accordance with the stress slope. Also, the mesh insensitivity is observed
in the extrapolating approach as well. Furthermore, the structural stress does not drop compared

to the nominal stress (see Fig. 3.18 (b)).
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Fig. 3.18. Structural stress result from the stress extrapolating according to Kalnins [64]

(a) Comparison of mesh sensitivity at hot-spot and the reference point, (b) Distribution of the
structural stress close to the singularity, comparing the structural stress from stress extrapolation
method and the FEA linearization at hot-spot 2 with 0.4 in. (10 mm) mesh size (To convert to mm,
multiply values in inches by 25.4.)

However, this extrapolation method needs engineering judgement to select the valid point
and to define the right value of the uncertain stress components. This study referenced
approaches of both Gordon [71] and Kalnins [64]. The stress components except for the g, ;)

and a4y, Were extrapolated to match with the nominal value by hand calculation following
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Gordon's study [71] which proposed using the extrapolating value by the applied pressure. The
022(p) Was extrapolated using the slope of the valid SCL point, which was 6 in. (152 mm) in this
study, following the one of the extrapolating approach of Kalnins [64]. Meanwhile, the ;4
value modified as zero was used another approach of Kalnins [64] adjusting the uncertain stress

component to zero value for simple and conservative stress intensity result.

3.4.4 Stress in Equilibrium of Stress Resultants

This hot-spot structural stress determination method using stress equilibrium developed by
Dong [77] is independent of mesh size and loading combination. This method is based on the
structural equilibrium condition at both the hypothetical crack plane (A-A’) and the reference plane
(B-B’). It should be noted that in a fatigue analysis, the structural stress distribution used for the
analysis is the stress that is normal to the assumed hypothetical crack plane [90]. Following this
stress equilibrium approach, the stress distribution illustrated in Fig. 3.19 represents the S,, stress

of the B-B’ plane which is the largest stress component in this model.

Fig. 3.19. Structural stress calculation for stress equilibrium method according to Dong [77]
(plotted on the von-Mises stress result)



92

Not only the S,, stress, but the shear stress (S;,) which flows in B-B’ is applied to Eq. (24)
and (25) for the equilibrium with the A-A’ hot-spot structural stress. Equation (24) shows the
balanced membrane stress and equation (25) is based on the moment equilibrium between A-A’

and B-B’ sections.

1 t
() (B)
Tijmy =% fo Sij - dy (24)
w o w C_(f® C®
Tjm) 7 T 0wy g = fo Ny (y®)dy + 6[0 T dy (25)
where,
Gi(;gn) . Membrane stress tensor of section A-A’, at the hot-spot
Si(f ). Normal stress component of section B-B’ (S, in this 2D study)
t : Thickness of the section along the X axis (see Fig. 3.19)
(4

oy - Bending stress tensor of section A-A’, at the hot-spot

y® : Distance from the end of section B-B’

10) . Distance between section A-A’ and B-B’, one element size

(B)

. Transverse shear stress component of section B-B’ (S;, in this study)

The structural stress ratio result using these equilibrium equations is shown in (a). The
structural stress ratio SSR is 1.00 in hot-spots 1 and 2 which is the average of the three different
mesh size results. Comparing these results to the stress linearization results of Section 3.4.1, in Fig.
3.20 (b), the distribution near the hot-spot is higher than the linearization result. The applied stress
in this method excludes the stress that is not normal to the hypothetical crack section so that the
structural stress does not drop near the hot-spot where typically other stress components rise to
exaggerated values. It is interesting that, though, the method is different from extrapolation
discussed in Section 3.4.3, and consequentially the considered stress components were very similar.
Only the S,, and S;, were valid effective stress components but the S;; was ignored as zero
value. Therefore, the result of the two structural stress estimation approaches are similar to each

other.
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Fig. 3.20. Structural stress result from the structural stress equilibrium method according to Dong
[77]

(a) Comparison of mesh sensitivity at hot-spot and the reference point, (b) Distribution of the
structural stress close to the singularity, comparing the structural stress from stress equilibrium
method and the FEA linearization at hot-spot 2 with 0.4 in. (10 mm) mesh size (To convert to mm,
multiply values in inches by 25.4.)
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3.4.5 Nodal Force Method

Stress calculation using the element nodal forces always yields a constant stress value
regardless of the mesh size. This nodal force method was proposed by Gordon [71]. The structural

stress were derived from the nodal forces of sets of the element using the Eq. (26) to (28)(28).

n
1
Gram) = 5 Z NFORC1,, (26)
m=1
1 n
m=1
6 n
o) =5 Z (%, — x.)NFORC2,, (28)
m=1

where, t is the thickness of the section along the X axis at hot-spot, x. is the centroid of the
SCL line and x,, is the location which defines the nodal force location along the SCL. NFORC is
the variable name that is used in ABAQUS. NFORCL1 stands for the nodal force of the element
stack in the X direction, NFORC2 is in the Y direction. The coordinates follow the global

coordinate system, and the coordinate system is expressed in Fig. 3.21.

NFORC1

Hot-spot 2

NFORC2

Hot-spot 2
[

i A B A X &

Hot-spot 2 B

Fig. 3.21. Nodal force on the element stack across the structural hot-spot 2 according to Gordon
[71] (plotted on the simplified with 1 in. (25.4 mm) element size analysis)
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Fig. 3.21 represents the simplified 1 in. (25.4 mm) mesh element stack passing through the
hot-spot 2 in the 2D Y direction model for illustration purpose. The arrows marked on the
element stack represents nodal forces with the directions explained earlier are taken from the
FEA output. The NFORC2 forces illustrated with vertical arrows correspond to the Y direction.
However, the NFORCL forces act in the horizontal coordinate, X coordinate, but the force arrows

were rotated in the figure from horizontal to vertical to show the force distributions.
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Fig. 3.22. Structural stress result from nodal force method according to Gordon [71],

(a) Comparison of mesh sensitivity at hot-spot and the reference point, (b) Distribution of the
membrane stress close to the singularity, comparing the structural stress from nodal force method
and the FEA linearization at hot-spot 2 with 0.4 in. (10.2 mm) mesh size (To convert to mm,

multiply values in inches by 25.4.)
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The structural stress results in Fig. 3.22 show that wherever the elements stack is located,
hot-spot 1, 2 or the reference location, the structural stresses obtained from this method were
identical to the nominal values. The sum of NFORC2 was 94.4 kips (500 kN) and NFORC1 was
4.53 kips (20.2 kN) regardless of mesh size and locations. Thus, the o1, (,,,) Was calculated as 0.412
ksi (2.84 MPa) and g, () Was 8.53 ksi (58.8 MPa) which are same as the nominal values from
hand calculation. The SSR ratios of the stress by the nodal force method are identical regardless of
the mesh size or location as shown in Fig. 3.22 (a). Fig. 3.22 (b) indicates that the structural stress
using this method near the singularity does not drop. This trend is attributed to the fact that the
structural stresses applied in the nodal force approach are accurate in any sizes of mesh, once the
elements stack is lying in the same direction of the model. Particularly, the o near the hot-
spot commonly observed in the previous approaches in stress linearization (section 3.4.1) or the
single point close to hot-spot (section 3.4.2) does not exist in this method because the g4y IS
not the resultant of the mechanical forces applied in this study. This nodal force method was also
implemented in Kalnins [64] based on the calculation from Gordon's effective force edit [71].
Also, this nodal force method was introduced by Dong [77] for the shell and plate element models,
when the section of interest is not available for the stress, such as lying in hot-spot, the force in
opposite section taken by the nodal force method can compute the corresponding structural stress
in the section of interest.

3.5 Structural Stress in 3D Coordinates
3.5.1 Stress Extrapolated from 3D FEA

The structural stresses of the 3D model were derived by extrapolating the stress from the
stress linearization result. The stress linearization result before extrapolation was introduced in
section 3.2 preliminary study. As briefly discussed in section 3.2, three considerations were
derived from the stress linearization in 3D FEA analysis. As illustrated in Fig. 3.5, (i) it was
obvious that all stress components were exaggerated near the hot-spot and this causes the structural
stress drop. (ii) Even structural stress showed fluctuation at the singularity point because of the
reentrant corner where fillet modelling was impossible. (iii) When the largest force (F,) was

applied, not only the stress a3z, in Z coordinate, but also stress components in other directions,

such as a;5(m), 011(m) Were increased at the same time. This was studied by applying the load step
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by step, as illustrated in Fig. 3.23. The stresses (01 1(m), 022(m) and 33(,)) are membrane stresses
measured at the hot-spot 2 in 3D model. Fig. 3.23 (a) is the membrane stress plots after the shear

load (F,, F,)) were applied. All stress values were small, nearly zero. Meanwhile, after applying the
largest load, F;, the membrane stress in Fig. 3.23 (b) were increased not only the o33 ,,,) membrane
stress, but also the 0,5,y and o711, Which are not in the same direction of the load, F,.
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Fig. 3.23. The sequential plot of membrane stress components along the thickness of 30 in. (762
mm) of the 3D RPV support

(a) before the applying F, force, (b) after applying E, force (To convert to MPa, multiply values in
psi by 0.0069. To convert to mm, multiply values in inches by 25.4.)
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Hechmer and Hollinger [75] stated that the ASME BPVC Section Il [37] stress limits were
basically developed based on the shell theory. In thin shell analysis, the transverse shear stress is
zero. However, these stresses need to be determined for 3D solid stress analysis. Grant et al. [91]
found that the Poisson’s ratio effect should be considered particularly in three-dimensional FEA.
From the stress linearization result derived from 3D FEA, the increased stress was not only the
normal stress in the Z direction o33, but also every stress component in all directions and it
occurred at the same time. From this result, it can be claimed that the Poisson’s ratio affects the
volumetric change which affects the stress analysis. Therefore, each stress component was
extrapolated based on the valid SCL found by stress linearization. Particularly, stress extrapolation

was carried in two directions, the Z coordinate and X coordinate as illustrated in Fig. 3.24.
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Fig. 3.24. Schematic illustration of stress extrapolation in 3D FEA according to Kalnins [64],

(a) Extrapolating in Z coordinate, (b) Extrapolating in X coordinate (To convert to MPa, multiply
values in ksi by 6.894.)

The SCL lies along the Y coordinate, the X and Z directions are the paths which are
approaching the hot-spot SCL. The result of the structural stress (a;) using 3D extrapolation was
37.5 ksi (258 MPa) in hot-spot 1 and 36.4 ksi (251 MPa) in hot-spot 2. The nominal 3D structural
stress by hand calculation in hot-spot 1 was 34.7 ksi (239 MPa) showing a 7.5% difference and
35.5 ksi (245 MPa) which is a 0.2% difference in hot-spot 2. The result from 3D extrapolation is
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quite close to the nominal value obtained from the hand calculation. Given that the effect of the
Poisson's ratio was considered in 3D extrapolation, the extrapolated value appears may be more
close to the nominal value because according to Grant et al. [91], the Poisson’s ratio effect
generally produces a 5% difference.

3.5.2 Building the Structural Stress in 3D Using Two 2D Models

The 2D model was analyzed with five different structural stress determination approaches
in Section 3.4. To evaluate the structural stress in 3D, the Cauchy stress matrix should be formed.
Therefore, the X section in the 2D analysis was further analyzed. The hot-spot structural stress in
the X section model was calculated by the same approaches as applied in the Y section. The matrix
at the left bottom of Fig. 3.8 computes the structural stress(a;) by using two shear stresses and
one normal stress and two bending stresses. This structural stress component composition in Fig.
3.8 is exclusively applicable for the 2D stress extrapolation, stress equilibrium and nodal force
method because the disturbed stress components are not considered. The S;;and S,, positions may
be filled in when the approaches are stress linearization and single point away approach depending
on the existence of the computed stress components. The structural stress component matrix for
the stress linearization and the single point away would be composed as below using Eqg. (29) and
(30). The Eq. (29) provides the structural stress (o) which is included the membrane and bending
stress and Eq. (30) is for the membrane stress (a,,) only. The final result, the structural stress
which are constructed by 3D matrix are given in Table 3.5 for hot-spot 1 and hot-spot 2,

respectively.

-y y
O011tm) 0 O12(m)
U1x1(m) 01xz(m)
s 022(m) T 022(b)
symm. +
y y
032(m) T022(p)



Table 3.5 The structural stress constructed in 3D at hot-spots (in ksi 2)

y
O11(m)

symm.

U1x1(m)

O22(m) T 022(b)

y
O12(m)

0-1xZ(m)

+

y
22(m)

L ocation Stress . Stress in each method

Fillet ® Awy.° Extr.d SE.® NF.f 3D.¢

Om 12.88 12.83 13.20 13.10 13.07 13.42

Hot-spot 1 Op 21.63 21.50 21.51 21.52 21.48 24.08
Os 34.52 34.33 34.71 34.61 34.55 37.50

Om 16.66 17.30 17.19 17.13 17.10 17.03

Hot-spot 2 Oy 18.99 18.65 18.57 18.43 19.16 19.41
O 35.65 35.95 35.76 35.56 36.26 36.44

&To convert to MPa, multiply values in table by 6.894
b-|inearized by ABAQUS in fillet model
¢ Single point away from the influence area of hot-spot by Niemi et al. [63]

d Stress extrapolated in 2D model by Kalnins [64]

& Stress equilibrium method by Dong [77]
f Nodal force method using by Gordon [71]

9 Stress extrapolated in 3D model by Kalnins [64]

3.6 The Structural Stress Results

100

(30)

To compare all the different structural stress estimating approaches used in 2D analysis,

the hot-spot stress distribution graphs are plotted in Fig. 3.25 and corresponding numerical values

are given in Table 3.4. The nominal stress value is the hand calculation which is shown in the red

solid line. Four plots showed similar structural stresses as the nominal value : extrapolated stress

by Kalnins [64], stress equilibrium by Dong [77], the nodal force method by Gordon [71] and the

nominal value. These four plots including the nominal stress plot are hard to distinguish from each

other due to the almost over-lapping results. On the other hand, the stress linearization and single

point away stress values were lower than the other methods, showing decreased stress value

starting from around 5 in. (127 mm) away from the hot-spot. The lowest hot-spot structural stress
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was 25.2 ksi (174 MPa) determined using stress linearization and the highest was 27.1 ksi (187
MPa) obtained from the nodal force method. Even though the singularity was removed by fillet
modelling and the stress linearization process readily excluded the peak stress, the result from
stress linearization and single point away method considers all the stress components including
those which were not generated by the applied force. Therefore, they still show decreased structural

stress as it approaches to the hot-spot.

Structrual Stress (ksi)

0 1 2 3 4 5 6 7 8

Distance fromthe hot-spot 2 along Y axis (in.)

—®— Nominal No fillet

A--- Linearization  ---@--- Away
---#--- Equilibrium ---#--- Extrapolated
---¥--- Nodal Force

Fig. 3.25. Structural stress result along the Y axis from the singularity (To convert to MPa,
multiply values in ksi by 6.894. To convert to mm, multiply values in inches by 25.4.)

Basically, the equilibrium approach [77] and the nodal force method [3], starts from same
the equilibrium equation so the results are very similar to each other. The difference is what kinds
of output are used for calculation, one is stress and the other is nodal force. Moreover, the nodal
force and the stress equilibrium approach also do not have any stress which is produced by the
geometry of the problem, and are solely produced by the actual applied load.
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However, the stress components modified by extrapolating consequently are similar to
the stress equilibrium even though extrapolation is not based on the equilibrium equation. The
extrapolated stress neglects the stresses that are not from the mechanical forces and modifies the
valid stress values by linear extrapolation from the valid point. Consequently, the stress component
considered in the extrapolation is the same as the stress equilibrium, which is the stress normal to
the postulated crack plane and the shear stress flows in the hot-spot section. Therefore, the results
of stress extrapolation and stress equilibrium agree with each other quite closely.

Another important point to notice is that the maximum hot-spot location is not identical
with respect to estimating approaches and is also different from the maximum von Mises stress
distribution result from FEA. Orginally, the hot-spot was determined from the von Mises
distribution result and it is located in the fillet area, which is the zero distance location of the
horizontal axis of Fig. 3.25 graph. However, the maximum structural stress derived from 2D FEA
study, stress extrapolation, nodal force method and stress equilibrium, was found at around 1 in.
(25.4 mm) away from the maximum von Mises stress location. The stress distribution from FEA
is displaying the total stress, so the non-linear peak stress is included. Even after removing the
peak stress by the estimating approaches, the maximum structural stress was found at different
location. In the case of the stress linearization or single point away approach, the maximum
structural stress is located around 3 in. (76.2 mm) away from the maximum von Mises stress
location while others showed the maximum structural stress point at 1 in. (25.4 mm) from the
original hot-spot. Kyuba and Dong [92] found these differences in maximum stress location and
maximum stress values between the different stress indices (such as von Mises stress or principal
stress) and the actual crack location. One should be cautious to use the maximum stress result from

FEA and conduct further investigation.
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When stresses are reconstructed in 3D analysis, the difference between the different
estimating approaches are almost removed. Fig. 3.26 and Fig. 3.27 show the comparison of 3D
constructed structural stresses built from the 0.4 in. (10 mm) mesh - 2D model, hot-spot 1 and 2,
respectively. The 3D extrapolated structural stress from section 3.5.1 and the nominal values
expressed in blue dotted line are plotted together for comparison. While the structural stress
difference in 2D analysis was about 2 ksi (13.8 MPa) in Fig. 3.25, most of the 3D analysis derived
from 2D varies from only 0.38 to 0.71 ksi (2.6 to 4.9 MPa) each other. The 3D structural stresses
derived from 2D are almost identical to the nominal values expressed in the dotted line. The reason
seems to be that the principal stress does not have significant difference between the structural
stress in different approaches when they are constructed in 3D. The exaggerated S;; stress is
relatively small when it is constructed in 3D because the S;; stress components become
considerable by summation of the two 2D FEA. The tension force in the Z direction is significant,
therefore the other increased stress components were not countable as much as it affected in 2D
analysis. Therefore, the 3D constructed structural stress shows constant value regardless of the
estimating methods. Meanwhile, the 3D structural stress shows a rather higher value than others.
It is assumed that the extrapolating point and the stress extrapolating slopes determined from the

3D analysis may be conservative.

3.7 Conclusions

The structural stress at hot-spot in FEA has demonstrated several estimating approaches
without interference by numerical disturbances and has shown mesh insensitivity.

Using the 3D FEA stress linearization result without removing reentrant corners at hot-
spots is hardly acceptable because it diverges depending on the mesh size. Also the structural stress
at hot-spot shows a decrease due to the singularity effect. With the 2D FEA model, it was possible
to remove the infinite stress value of the singularity by modelling the fillet. However, the 2D FEA
stress linearization still has the exaggerated stress components that are not participating in the
stress equilibrium of the structure.

The 2D structural stress estimating approaches, stress extrapolating used in Kalnins [64],
stress equilibrium approach by Dong [77] and the nodal force method by Gordon [71] were applied
in this study and they produce higher structural stress than the stress linearization results regardless
of the mesh size. The structural stress from these approaches does not drop near the hot-spot. Given
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that the stress extrapolating is sensitive to the SCL selection and assumptions to estimate the
reasonable value, the stress equilibrium approach and the nodal force method are relatively, simple
and clear.

The 3D stress matrix results were similar to each other in this study even though the 2D
structural stress near the hot-spot showed a distinct difference. The principal stress difference
generated near the hot-spot was alleviated by other large stress components, so the existence of
that inaccurate stress does not affect the result. Comparing the extrapolated stress values in the 3D
model, the results were similar but slightly higher than the exact solution. The reasons appear to
be from the valid stress point selection which is an inherent variable in the extrapolating method

and also the Poisson's ratio which has a big impact particularly in the 3D model.
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4. SUMMARY AND CONCLUSION

In this thesis, the neutron embrittled reactor pressure vessel support failure mode and its
safety margin have numerically investigated with the use of the failure assessment diagram
evaluation and finite element analysis focusing the structural stress value at hot-spot. The failure
assessment diagram evaluated the structural integrity of reactor pressure vessel support in
simplified values according to the different level of applied load and the neutron fluence. The long
column type RPV support was considered to verify its safety under the maximum neutron fluence
and maximum design level load events. The fracture toughness and yield strength affected by the
neutron embrittlement in low irradiation temperature were numerically computed by the proposed
empirical equations. The hot-spot structural stress of the RPV support was computed by
extrapolating the linearized stress in 3D FEA model. Based on these physical properties and the
structural stress, the postulated cracks were evaluated in the failure assessment diagram. The
structural stress computed by the extrapolating approach in 3D FEA model was examined with the
structural stress estimated in 2D FEA model by dividing the 3D

to two 2D plane. Reconstructed structural stress in 3D by a stress tensor components matrix
shows similar result regardless of the five studied estimating approaches.

Based on the results of this thesis, for the neutron embrittled reactor pressure vessel, it is

concluded in brief as follows:

Under the event of a stress increase by accidents, the irradiated structure would lose its

structural margin more than the unirradiated structure.

The neutron embrittled physical properties were considerably influenced by the low
irradiation temperature. The empirical equations for estimating fracture toughness and
yield strength in certain irradiation level are developed using the reactor pressure vessel
experimental data. Therefore, it should be cautious to determine the empirical equations
for the fracture toughness estimation and they may need to be modified considering the

low irradiation temperature effect.

The fracture toughness decrease is expected to occur from initial state even before the 25%
maximum design fluence level. Meanwhile the yield strength increases concurrently. The

two variation trends of the fracture toughness and the yield strength vary in the earlier stage,
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until 5% MDF. They do not change with respect to the neutron fluence levels after the 5%
MDF.

The hot-spot structural stress determination of 3D solid element analysis by using the stress
linearization shows lower structural stress by substituting to the equivalent von Mises stress.
Dividing the 3D model into two 2D plane models made possible to estimate structural
stress in five different stress estimating methods. The differences results in the given by
between each method in 2D model was essentially disappeared after reconstructing in 3D

stress matrix.

The postulated crack which is permissible in the preservice inspection found to be stable.
However, if the crack size is increased to the in-service permissible crack size defined in
ASME BPVC Section XI, the crack leads the support to the brittle fracture. The failure
assessment diagram evaluation was conservative compared to the ASME BPVC Section
X1 assessment.

For future research, experimental studies of the low temperature irradiated steel respect to
the neutron fluence are needed to enhance the accuracy of failure assessment. An impact test for
the fracture toughness and tensile tests to define the modulus of elasticity and Poisson’s ratio
should be investigated. The fracture toughness results computed by reactor pressure vessel
empirical equations should be examined for the low irradiation temperature. The modulus of
elasticity and the yield strength may be used to determine the standard stress-strain curve for the
irradiated structural steel. Also, the Poisson's ratio with respect to the level of embrittlement may
be helpful in estimating the structural stress. Based on the mechanical properties from
experimental studies, the elastic plastic fracture analysis would be possible and crack propagation

modeling with dynamic finite element analysis may be applicable.
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