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Abstract

Equipment Qualification (EQ) has traditionally focused on demonstrating that safety-related equipment can maintain its
required functions under specified environmental conditions. Previous studies proposed a logical framework integrating
maintenance history (A), aging evaluation (B), and equipment importance (C) for aging management of non-metallic
components in active mechanical equipment. Although the framework provided a useful conceptual basis, its binary logical
structure limited its applicability to practical engineering decision making.

This study develops an extended logical approach that preserves the original logical relationships while introducing a
semi-quantitative framework capable of representing different levels of degradation severity. Representative categories of
non-metallic components are identified together with their dominant degradation mechanisms and evaluation indicators.
A structured risk formulation combining maintenance history, aging condition, environmental severity, and equipment
importance is proposed to support PSR-based decision making.

The proposed methodology is intended to provide a systematic intermediate layer between degradation assessment and engi-
neering decisions, thereby improving the consistency, traceability, and practical utilization of aging-management information

for long-term operation (LTO) of nuclear power plants.

1. Introduction

Equipment Qualification (EQ) has traditionally been un-
derstood as a process for demonstrating that nuclear power
plant equipment can continue to perform its intended safety
functions under specified environmental conditions. His-
torically, EQ programs have focused primarily on electrical
equipment, particularly Class 1E equipment, for which qual-
ification requirements have been well established through
regulatory guidance and industry standards [2, 3, 4]. How-
ever, as nuclear power plants move into extended operating
periods and LTO becomes increasingly important, attention
has expanded toward active mechanical equipment and, in
particular, non-metallic components that are susceptible to
aging degradation under temperature, radiation, pressure,
humidity, vibration, and process-fluid exposure [5, 6, 7, 8].

To address this issue, previous research proposed a log-
ical approach for aging management of non-metallic parts
in active mechanical equipment in connection with Periodic
Safety Review (PSR) [1]. That study recognized the need to
extend aging management considerations beyond conven-
tional electrical EQ applications and suggested a structured
framework based on maintenance history (A), aging evalu-
ation (B), and equipment importance (C). The framework
employed Boolean logic to classify equipment condition
into qualitative states and discussed the potential role of EQ
information within PSR activities.

The significance of the previous study lies in the fact
that it moved beyond descriptive aging-management con-
cepts and introduced a logical structure for integrating mul-

tiple evaluation factors. The proposed framework defined
equipment condition through logical expressions represent-
ing Ideal, Partial, and High-Risk states, thereby providing a
transparent basis for condition assessment and qualification
review [1]. This approach established an important concep-
tual link between degradation evaluation and PSR-related
engineering decision processes.

Despite these advantages, the original framework remains
limited when applied to practical aging-management deci-
sions. The primary limitation arises from its binary repre-
sentation of degradation conditions. In actual plant envi-
ronments, degradation does not occur as a simple transition
between acceptable and unacceptable states. For example,
elastomeric seals progressively lose elastic recovery through
increasing compression set, polymer bearings accumulate
wear over time, insulation materials experience gradual re-
duction in dielectric properties, and flexible hoses undergo
hardening, swelling, and cracking before functional failure
occurs. These degradation mechanisms develop continu-
ously rather than discretely and therefore cannot be fully
represented through binary logical variables alone [9, 10].

In addition, different categories of non-metallic com-
ponents exhibit different degradation mechanisms, failure
modes, and evaluation indicators. Consequently, a general-
ized logical classification alone may not provide sufficient
information to support practical engineering actions such as
enhanced monitoring, maintenance prioritization, replace-
ment evaluation, or refurbishment planning. Furthermore,
while the previous framework conceptually linked EQ and
PSR, it did not explicitly define how condition assessment



results should be translated into decision-making activities
within PSR stages.

For these reasons, this study develops an extended log-
ical approach for aging management of non-metallic com-
ponents in active mechanical equipment. The proposed
framework preserves the conceptual foundation established
in the previous study while introducing a semi-quantitative
structure capable of representing different levels of degra-
dation severity. The framework further incorporates envi-
ronmental severity as an additional evaluation factor and
establishes an explicit linkage between degradation assess-
ment and PSR-based decision making. The objective is not
to replace existing EQ methodologies or engineering judg-
ment, but to provide a systematic intermediate layer that
improves the traceability, consistency, and practical utiliza-
tion of aging-management information for LTO of nuclear
power plants.

2. Representative Categories of Non-Metallic
Components

One of the key challenges in developing a generalized
aging-management framework for non-metallic components
is balancing research generality with engineering specificity.
If the framework is developed for only a single component
under a specific service condition, the result becomes a nar-
row case study with limited applicability. Conversely, if
all non-metallic components are treated as a single group,
the framework becomes overly abstract and loses physical
meaning because different materials exhibit different degra-
dation mechanisms and failure behaviors.

To address this issue, the present study adopts a
component-category-based approach. The objective is to
establish a framework that is sufficiently broad to support
generalized aging-management applications while remain-
ing sufficiently specific to preserve engineering relevance.
Components are therefore classified according to similari-
ties in functional role, material characteristics, and dominant
degradation mechanisms.

The proposed categorization consists of four representa-
tive groups commonly found in active mechanical equip-
ment: sealing components, polymer bearing components,
insulation and coating materials, and elastomeric hose as-
semblies. Although individual components within each
category may differ in geometry or application, they gener-
ally share similar degradation characteristics and evaluation
methodologies.

Among these categories, sealing components are typi-
cally affected by loss of elastic recovery and compression
set, while polymer bearings are primarily influenced by wear
and dimensional changes. Insulation and coating materials
are susceptible to degradation of dielectric or protective
properties resulting from thermal and radiation exposure.
Elastomeric hoses experience changes in material proper-
ties such as hardening, swelling, and cracking, which may
eventually lead to leakage or rupture. Because these degra-
dation mechanisms differ significantly, a single evaluation
indicator cannot adequately represent all non-metallic com-
ponents.

The classification presented in this study therefore serves
as the foundation for the subsequent development of degra-
dation indicators, semi-quantitative scoring methods, and

risk-based decision support within the proposed aging-
management framework.

3. Evaluation Criteria

The effectiveness of an aging-management framework
depends not only on how degradation is quantified but also
on whether the selected evaluation criteria are physically
meaningful. For this reason, the present study distinguishes
between degradation indicators supported by established en-
gineering practice and the scoring structure proposed for
decision-support purposes.

Because different categories of non-metallic components
exhibit different degradation behaviors, a single evaluation
parameter cannot adequately represent all component types.
Instead, evaluation criteria should be selected according to
the dominant degradation mechanism associated with each
component category.

For sealing components, compression set is selected as
the primary evaluation criterion because it directly reflects
the loss of elastic recovery and sealing capability. For poly-
mer bearings and sliding supports, wear rate or wear depth
provides a meaningful measure of functional degradation.
For insulation and coating materials, degradation is repre-
sented through insulation resistance reduction or equivalent
loss of dielectric properties. For hoses and elastomeric flex-
ible components, hardness change, swelling, or equivalent
material-property shifts are appropriate indicators because
they are closely related to flexibility loss, cracking suscep-
tibility, and leakage potential.

To facilitate integration into the proposed decision-
support framework, degradation conditions are represented
using discrete state variables. Maintenance-history condi-
tion (A), aging condition (B), and environmental severity
(D) are each assigned values of 0, 1, or 2 corresponding
to low, moderate, and high degradation states, respectively.
Equipment importance (C) is represented separately as a
consequence factor reflecting the significance of functional
failure.

It should be emphasized that the evaluation indicators
shown in Table 2 are based on established degradation
mechanisms and accepted engineering practices. In con-
trast, the proposed scoring structure is intended as a prac-
tical tool for structured assessment and decision support.
Therefore, threshold values may be adjusted according to
plant-specific design requirements, operational experience,
inspection data, and maintenance history while preserving
the overall framework proposed in this study.

4. Risk Formulation

The logical framework proposed in the previous study
provided a structured method for classifying equipment con-
dition through Boolean expressions involving maintenance
history (A), aging evaluation (B), and equipment importance
(C) [1]. While this approach offered conceptual clarity, it
did not provide a mechanism for representing the degree of
degradation or supporting quantitative comparison among
components. As discussed in the preceding sections, degra-
dation of non-metallic components is inherently progressive
and therefore requires a formulation capable of reflecting
different levels of condition deterioration.



Table 1: Representative Categories of Non-Metallic Components

Class Component Type Primary Function Dominant Degradation Typical Service Factors
Mechanisms
Class 1 Seal / Gasket / O-ring / Pack- Sealing Compression set, stress re- Temperature, pressure, fluid
ing laxation, hardening, thermal exposure
aging, leakage initiation
Class 2 Polymer Bearing / Bush / Friction support and load Wear, creep, deformation, Load, friction, temperature
Sliding Support transfer thermal aging
Class 3 Insulation / Coating Electrical insulation or surface ~ Thermal aging, radiation Temperature, radiation, envi-
protection degradation, cracking, dielec- ronment
tric property loss
Class 4 Hose / Elastomeric Flexible Fluid transfer and flexible Hardening, swelling, cracking,  Pressure, vibration, tempera-
Part connectivity chemical degradation ture, fluid chemistry
Table 2: Evaluation Criteria and Semi-Quantitative Structure
Class Evaluation Criterion and Engineering Basis Semi-Quantitative Scoring Structure
Seal / Gasket Compression set. Increasing compression set reduces 0: Low degradation

elastic recovery and sealing force, resulting in progressive

increase of leakage potential.

1: Moderate degradation
2: High degradation

Polymer Bearing

Wear rate or wear depth. Progressive wear increases clear- 0: Low degradation

ance, reduces load-transfer efficiency, and may lead to

vibration or instability.

1: Moderate degradation
2: High degradation

Insulation / Coating

Insulation resistance reduction. Loss of dielectric integrity 0: Low degradation

decreases insulation margin and increases probability of

functional failure.

1: Moderate degradation
2: High degradation

Hose / Elastomer

Hardness change, swelling, or equivalent property shift. 0: Low degradation

Material-property changes affect flexibility, crack resis-

tance, and leakage susceptibility.

1: Moderate degradation
2: High degradation

To preserve continuity with the original logical structure
while improving its practical applicability, the present study
extends the logical variables into semi-quantitative engi-
neering state variables. Maintenance-history condition (A),
aging condition (B), and environmental severity (D) are
each represented by discrete degradation scores:

A,B,D €{0,1,2} (1)
where:
¢ 0: Low or acceptable degradation condition
* 1: Moderate degradation requiring increased attention

e 2 : Significant degradation requiring engineering ac-
tion

Equipment importance is treated separately as a conse-
quence factor:

Ce{1,2,3} ()

where larger values indicate greater safety significance
and operational consequence.

Based on these definitions, the overall risk value is ex-
pressed as:

R=C(A+B+D) 3)

The additive term (A + B + D) represents the cuamulative
degradation state of the component. This formulation re-
flects the engineering assumption that maintenance-related
degradation, aging-related degradation, and environmental
influences collectively contribute to overall condition de-
terioration. Although the interactions among these factors
may be complex in practice, a cumulative representation
provides a transparent and practical approximation suitable
for engineering decision support.

The multiplication by the importance factor C reflects
the fact that identical degradation conditions may result in
different levels of risk depending on the consequence as-
sociated with component failure. For example, a degraded
sealing component located in a safety-related system should
receive greater attention than an equivalent component in a
non-safety-related application.

To allow comparison among different components and
systems, a normalized risk index is defined. Since the maxi-
mum possible risk value occurs when all degradation factors
and importance are at their maximum values,

Rmax =3(2+2+2) =18 “)



Original Logical Foundation [1]

Maintenance History + Aging Evaluation
+ Equipment Importance

Boolean Classification: Ideal / Partial / High-Risk

!

Semi-Quantitative Extension

Maintenance Condition + Aging Condition
+ Environmental Severity + Equipment Importance

Variables redefined for degradation-level assessment

!

Risk Evaluation

Degradation Scoring — Basic / Weighted Risk

— Normalized Risk Index

!

PSR Application

Screening — Prioritization — Replacement Evaluation

!

Engineering Decision Support

Continued Operation / Enhanced Monitoring
Maintenance / Refurbishment / Replacement

Figure 1: Flowchart of the extended aging-management
framework for PSR-based decision support.

the normalized risk index becomes

Ry = X )
N8
0<Ry<1 (6)

The normalized form provides a consistent basis for com-
paring degradation severity across different component cat-
egories and operating conditions.

In some applications, individual degradation factors may
not contribute equally to overall condition deterioration. To
accommodate such situations, a weighted formulation may
also be introduced:

R = C(WAA+WBB+WDD) (7)

subject to

wa+wp+wp =1 (8)

where w4, wp, and wp represent weighting factors as-
signed according to the relative influence of maintenance
history, aging condition, and environmental severity. This
extension provides additional flexibility while preserving
the basic structure of the proposed framework.

The resulting risk value is not intended to replace engi-
neering judgment or existing qualification methodologies.
Rather, it provides a structured intermediate layer between
degradation assessment and PSR decision making, enabling
condition information to be evaluated in a more systematic,
traceable, and consistent manner.

The overall evolution from the original logical framework
to semi-quantitative risk evaluation and PSR-based decision
support is illustrated in Fig. 1.

Although the extended framework preserves the concep-
tual foundation proposed in [1], several important enhance-
ments have been introduced to improve degradation repre-
sentation, risk evaluation, and PSR applicability. The prin-
cipal differences between the original logical framework
and the extended methodology developed in this study are
summarized in Table 3.

5. Regulatory Comparison

Existing regulatory and industry frameworks provide ex-
tensive guidance for Equipment Qualification (EQ), aging
management, and Periodic Safety Review (PSR) activities.
Documents issued by organizations such as the U.S. Nu-
clear Regulatory Commission (NRC), the American Soci-
ety of Mechanical Engineers (ASME), and related industry
programs establish requirements for qualification, inspec-
tion, monitoring, and aging management of safety-related
equipment [4, 5, 6, 7, 8, 12].

These frameworks play an essential role in ensuring that
degradation mechanisms are identified, monitored, and eval-
uated throughout the service life of plant equipment. Typical
guidance includes the identification of aging mechanisms,
qualification requirements under environmental conditions,
inspection methods, monitoring intervals, and corrective-
action processes. As a result, existing regulatory programs
provide a strong technical basis for assessing equipment
condition and maintaining plant safety.

However, although these documents define what should
be evaluated and monitored, they generally do not provide
a unified methodology for translating degradation informa-
tion into a structured decision-support value within the PSR
process. In practice, the transition from degradation assess-
ment to engineering action is typically performed through
engineering judgment, plant-specific procedures, expert re-
view, and conservative decision-making processes.

The framework proposed in this study is intended to com-
plement, rather than replace, existing regulatory require-
ments. The objective is not to introduce new qualification
criteria or alternative aging-management requirements. In-
stead, the proposed methodology provides a structured in-
termediate layer that converts degradation information into
a semi-quantitative risk value that can be more directly uti-
lized during PSR decision-making activities.

The key distinction between the two approaches is there-
fore not the identification of degradation mechanisms them-
selves, but the manner in which degradation information
is utilized. Existing frameworks primarily focus on con-
dition assessment and qualification activities, whereas the
proposed framework focuses on establishing a transparent
connection between degradation assessment results and en-
gineering decisions performed within PSR activities. Ac-
cordingly, the proposed methodology should be viewed as
a complementary decision-support tool that enhances the
traceability, consistency, and practical usability of existing
aging-management information while remaining fully com-
patible with current regulatory and industry practices.

6. PSR Stage Linkage

One of the primary objectives of the proposed framework
is to establish a practical connection between degradation



Table 3: Evolution of the Framework from Logical Classification [1] to Risk-Based Decision Support

Aspect Original Framework [1]

Extended Framework (This Study)

Purpose Logical condition classification

Semi-quantitative risk evaluation

Assessment Variables Maintenance History (A)
Aging Evaluation (B)

Equipment Importance (C)

A,B,C € {0,1}

Maintenance History (A)
Aging Condition (B)
Environmental Severity (D)
Importance Factor (C)

A,B,D €{0,1,2}

Ce{l1,2,3}
Evaluation Method Ideal Degradation Score
AANBAC A+B+D
Partial
((AVB)AC)AN=(AAB)
High-Risk
-AAN-BAC
Risk Formulation Not provided Basic Model

R=C(A+B+D)

Weighted Model
R=C(waA+wgB+wpD)

Output Logical State Category

(Ideal / Partial / High-Risk)

Risk Value (R)
Normalized Risk Index (Rn)

Note: The extended framework does not directly reuse the Boolean variables defined in [1]. The original framework employed Boolean logical variables

for condition classification (A, B, C € {0, 1}), whereas the present study introduces semi-quantitative degradation scores (A, B, D € {0, 1, 2}) together

with an importance factor (C € {1, 2, 3}) for risk evaluation and PSR decision support.

Table 4: Comparison Between Existing Regulatory and Industry Perspectives and the Proposed Framework

Aspect

Existing Regulatory / Industry Perspective

Proposed Framework

Primary Objective

Evaluation Output

Identification of degradation mechanisms, qualification
requirements, inspection activities, and aging-management
programs

Inspection results, test data, condition assessment, and

Integration of degradation information into a structured
and traceable PSR decision-support framework

Semi-quantitative risk value derived from maintenance his-

degradation identification

Decision Method

reviews, and operational experience

PSR Integration

tion

Consistency of Decision

plant-specific practice

Role of Engineer-
ing Judgment

Primary decision-making mechanism

Engineering judgment supported by procedures, technical
Indirect linkage through review processes and documenta-

Potential variation depending on evaluator experience and

tory, aging condition, environmental severity, and equip-
ment importance

Engineering judgment supported by a structured risk-based
evaluation framework

Direct linkage through explicit mapping of risk values to
PSR decision activities

Improved consistency through common scoring structure
and evaluation methodology

Retained as primary authority while supported by system-
atic quantitative information

assessment and engineering decision making within the Pe-
riodic Safety Review (PSR) process. While existing aging-
management programs and qualification activities provide
valuable information regarding equipment condition, the
manner in which such information is translated into engi-
neering actions is often dependent on plant-specific proce-
dures and expert judgment. Consequently, the timing and
priority of corrective actions may vary even when similar
degradation conditions are observed.

The present study therefore proposes an explicit linkage
between the calculated risk value and the major stages of the
PSR process. The purpose of this linkage is not to replace
engineering judgment, but rather to provide a structured

basis for determining when degradation information should
receive increased attention and how it can be utilized during
LTO assessments.

The proposed relationship between risk evaluation and
PSR activities is summarized in Table 5.

At the screening stage, the calculated risk value serves
as an initial indicator for identifying components that may
require additional attention. Components exhibiting rela-
tively low risk values may remain under routine monitoring,
whereas components showing increasing degradation trends
can be selected for further review.

During the prioritization stage, risk values provide a con-
sistent basis for comparing degradation conditions among



Table 5: Proposed Application of Risk Values within PSR Stages

PSR Stage Primary Function Role of Risk Value Typical Engineering Action

Stage 1 Screening Identify components exhibiting degradation Selection of components for detailed evaluation
trends or elevated risk levels requiring additional ~ and enhanced monitoring
review

Stage 2 Prioritization Compare relative degradation severity among Maintenance planning, inspection prioritization,
components and systems and resource allocation

Stage 3 Replacement Evaluation ~ Assess components approaching functional Replacement review, refurbishment assessment,
limits or exhibiting significant degradation or major corrective-action planning

Stage 4 Final Decision Support Integrate degradation information with engineer-  Continued operation, refurbishment, replace-

ing and operational considerations

ment, or lifecycle-management decision

multiple components. This supports maintenance schedul-
ing, inspection planning, and allocation of engineering re-
sources toward equipment with greater potential impact on
plant reliability and safety.

At the replacement-evaluation stage, the risk value be-
comes a supporting input for determining whether degrada-
tion has progressed to a level requiring formal replacement
assessment or major corrective actions. At this point, the
risk value is not used as a stand-alone decision criterion
but rather as a structured indicator supporting engineering
evaluation.

Finally, during the PSR decision stage, degradation in-
formation, risk evaluation results, operational experience,
maintenance history, and engineering judgment are consid-
ered collectively. The calculated risk value therefore func-
tions as a decision-support parameter that improves trace-
ability and consistency throughout the review process.

The proposed linkage represents one of the principal dis-
tinctions between the present framework and conventional
aging-management approaches. Existing programs primar-
ily focus on identifying and evaluating degradation mech-
anisms, whereas the proposed methodology explicitly de-
fines how degradation information may be utilized within
PSR activities. In this manner, the framework provides a
systematic bridge between condition assessment and engi-
neering decision making while remaining compatible with
existing regulatory and industry practices.

7. Example Calculation

To illustrate the application of the proposed framework,
a representative Class 1 sealing component is considered.
The component is assumed to be installed in active me-
chanical equipment operating under long-term service con-
ditions. The observed condition is summarized as follows:
maintenance records indicate repeated minor leakage events
and corrective actions, aging evaluation shows a noticeable
increase in compression set, environmental conditions in-
clude moderate temperature elevation, and the component
is classified as safety-important equipment.
Based on these observations, the following scores are
assigned:
A=1, B=2,

D=1, C=3 (9

where A = 1 represents moderate degradation from main-
tenance history, B = 2 represents significant aging-related
degradation, D = 1 represents moderate environmental
severity, and C = 3 represents high equipment importance.

Using the unweighted risk formulation,

R=C(A+B+D) (10)

the risk value is calculated as

R=3(1+2+1)=12 (11
The normalized risk index is then obtained as

R 12
—= =0.667 (12)

Rv=157 18

This result indicates that the component is in a significant
degradation region. From a PSR decision-support perspec-
tive, this condition would not necessarily imply immediate
failure, but it would justify enhanced review, maintenance
planning, or formal replacement evaluation depending on
plant-specific criteria and engineering judgment.

For comparison, a weighted formulation may also be ap-
plied when aging degradation is considered the dominant
contributor. Assuming the weighting factors are defined as

wa =0.2, wg =0.5, wp =03 (13)

the weighted risk value becomes

RZC(WAA+WBB+WDD) (14)

R=3(02x1+05%x2+03x1)=4.5 15)

The maximum weighted risk is

Rmaxw =3(0.2%x2+0.5%x2+03%x2)=6 (16)
and the normalized weighted risk index becomes

4.
45 075 (17)

RN,w = 6

Although the numerical scales differ between the un-
weighted and weighted formulations, both results indicate
that the component requires increased engineering atten-
tion. This example demonstrates how maintenance history,
aging condition, environmental severity, and equipment im-
portance can be integrated into a structured risk value that
supports PSR-related engineering decisions.



8. Conclusions

This study has developed an extended logical approach
for aging management of non-metallic components in active
mechanical equipment, with explicit integration into PSR-
based decision making for LTO of nuclear power plants.

The study began by recognizing the limitations of a pre-
viously proposed logical framework based on maintenance
history (A), aging evaluation (B), and equipment impor-
tance (C) [1]. While the original framework provided a
useful conceptual basis for condition classification, its bi-
nary structure limited its applicability to practical engineer-
ing decision support involving progressive degradation phe-
nomena.

To address this limitation, the present study introduced a
semi-quantitative extension of the logical framework. Rep-
resentative categories of non-metallic components were
identified according to their dominant degradation mech-
anisms, and physically meaningful evaluation criteria were
selected for each category. Maintenance history, aging con-
dition, and environmental severity were represented using
structured degradation scores, while equipment importance
was retained as a consequence factor reflecting the signifi-
cance of failure.

Based on these variables, a risk formulation was proposed
to integrate degradation information into a single decision-
support value. The resulting framework enables degradation
conditions to be evaluated in a more systematic and traceable
manner while preserving continuity with the original logical
approach.

The study also examined the relationship between the pro-
posed framework and existing regulatory and industry prac-
tices. While current qualification and aging-management
programs provide guidance for identifying and evaluating
degradation mechanisms, the proposed methodology offers
an additional layer that supports the translation of degra-
dation assessment results into engineering decisions. In
particular, explicit linkage between calculated risk values
and PSR stages was established to support screening, prior-
itization, replacement evaluation, and LTO decisions.

The principal contribution of this work is therefore not the
introduction of new degradation indicators, but the estab-
lishment of a structured bridge between degradation assess-
ment and PSR decision making. By providing a transparent
and semi-quantitative framework, the proposed approach
has the potential to improve the consistency, traceability,
and practical utilization of aging-management information
for non-metallic components in active mechanical equip-
ment.

Future work should focus on validation using plant opera-
tional data, refinement of scoring methodologies, and devel-
opment of component-specific threshold criteria to further
enhance the applicability of the proposed framework.
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