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Abstract: Existing maintenance management systems implement periodic inspections and diagnoses
and perform maintenance to restore damaged facilities, making it difficult to establish a long-term and
analytical budget plan. The Framework Act on Sustainable Infrastructure Management necessitates
specific implementation plans for new implementation items. This study proposes a detailed method
for estimating infrastructure management cost to overcome the limitations of the post-response
maintenance system and establish a management plan for the Framework Act on Sustainable Infras-
tructure Management, considering the performance and cost effects in terms of the life cycle. The
method was classified into the following stages: analysis of the performance degradation timing
by deriving the performance degradation curve, analysis of proper construction methods by per-
formance grade to establish a cost model for each member grade, representative life assessment of
the establishment to determine the end-of-life of members, and analysis of optimal action timing
for establishing short/mid- to long-term repair and reinforcement plans. The proposed method
was applied to a water reservoir (99 reservoirs in Seoul, Korea). The performance degradation and
cost prediction models for the target establishment were analyzed. The proposed method can be
applied to the maintenance decision making of the management agency and is significant for efficient
infrastructure maintenance.

Keywords: life cycle cost; preemptive maintenance; asset management; optimal timing of action;
management plan

1. Introduction
1.1. Background and Importance

Infrastructure, including facilities, such as transportation, supply, and distribution,
is the primary resource that forms the foundation and basis of a nation [1]. Around the
1970s, as the Korean economy entered a period of compressed growth, major national
infrastructures gradually aged, revealing limitations in serving their original functions.
Maintenance is performed according to the Special Act on the Safety Control and Mainte-
nance of Establishments (hereinafter “Infrastructure Safety Act”) enacted after the collapse
of the bridge and building in the 1990s [2]. The recent rise in concerns for the safety of
infrastructure, such as underground facilities, triggered by the recent Station heat transport
pipe accident (December 2018), tele-communication line fire accident (November 2018),
and road sinking accident, necessitates systematic maintenance to prevent disasters [3].

Safety accidents and the aging of infrastructure necessitate improvement of existing
maintenance systems. By introducing the Framework Act on Sustainable Infrastructure
Management (hereinafter “Infrastructure Management Act”), enacted in 2018 and enforced
in 2020 [4], the government adopted a strategic investment and management method for
aging public infrastructure to prevent safety accidents and increase the efficiency of financial
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investment by extending the service life and improving the performance of existing facilities.
The existing maintenance management system implements maintenance as follow-up
measures to perform inspection, diagnosis, and damage repair [5]. In this system, damage
repair increases as the facilities constituting the infrastructure deteriorate, increasing the
maintenance budget. In addition, problems caused by the follow-up response method
emerged. Accordingly, the framework act on establishment maintenance, individual laws,
and special laws have been enacted and amended to improve existing response methods.
Moreover, new tasks for maintenance entities have been created according to these laws
and regulations.

Awareness of facility safety management has increased due to various incidents/accidents,
and facility-related regulations have been enacted/revised to improve the existing mainte-
nance management system. However, there is no method, manual, etc., that can implement
regulations, etc., so an environment in which preemptive maintenance can be performed
is required.

1.2. Scope and Methodology of Research

This study proposes a method for estimating infrastructure management cost to
establish a management plan for the Infrastructure Management Act. A method for cal-
culating infrastructure management cost is proposed to establish a management plan for
maintenance entities under the Infrastructure Management Act based on the results of
the maintenance trend analysis. The proposed method includes analyzing historical in-
formation on infrastructure and deriving a future management budget from a life cycle
perspective. A model for future prediction is essential for analysis from a life cycle perspec-
tive. Accordingly, this study proposes a model application method for establishment of life
cycle analysis and a method for establishing the optimal timing of action. The life cycle
perspective refers to a method for maintaining infrastructure throughout its public lifespan
considering safety, cost, and lifespan.

(Existing maintenance management system) Inspection and diagnosis according to the
Infrastructure Safety Act⇒ Evaluation of members and facility grades⇒ Maintenance
is performed with priority given to members with lower grades according to the allo-
cated budget;
(Preemptive maintenance management system) Facility information investigation ⇒ Per-
formance deterioration time and appropriate construction method analysis⇒ Facility life
evaluation⇒ Optimal action time analysis⇒Maintenance according to condition prediction.

The analysis method was classified into four stages (Figure 1): analysis of the perfor-
mance degradation timing, analysis of proper construction methods by performance grade,
representative life assessment of the establishment, and analysis of the optimal timing of
action. The proposed method focuses on quantitatively presenting the analysis results to
establish an efficient management plan.
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2. Literature Review for Preemptive Maintenance
2.1. Existing Research Trends

Regarding infrastructure, focusing on the Continuous Acquisition and Life-cycle Sup-
port (construction CALS) system used by the Ministry of Land, Infrastructure and Transport,
research was conducted to present construction information service plans for the overall
national infrastructure in public construction projects and future promotion methods and
procedures [6] by collecting, linking, and processing major construction information from
the information system of affiliated organizations. In addition, a method was proposed
for implementing only the core asset management tasks without duplicating the functions
of the establishment maintenance management system as a public establishment asset
management information plan, dividing the structure of the system into hierarchies, and
sharing information by linking the asset management system with the existing establish-
ment maintenance management system [7]. We compared and analyzed the barriers facing
the establishment of asset management systems between Libya and Spain, and we defined
an asset management system as a management system for organizations to efficiently
operate, maintain, optimize, and properly utilize assets (infrastructure, equipment, funds,
etc.) [8].

In the river field, the current status of information systems related to the maintenance
and operation of river facilities was investigated and analyzed to identify issues, and
the optimal solution was presented from a practical information perspective by verifying
pilot application cases [9]. For road facilities, an effective asset value evaluation process
suitable for domestic conditions was proposed through a review and analysis of asset value
evaluation methods [10].

In the bridge field, a regression analysis of the integration results of representative
samples according to cost calculation variables was performed to develop a regression
model for estimating the cost of remodeling bridges based on the basic bridge specifications
in the Bridge Management System database [11]. Moreover, a cost model was derived
for new construction costs, such as upper and lower structures and foundations, bridge
installation, and dismantling and disposal costs [11]. In addition, a risk-based maintenance
prioritization method was developed through a literature review and expert advice on
evaluation criteria and weights for 14 common risk factors that cause damage to bridges [12].
In addition, a resilience-based model was developed to evaluate the periodic behavior of
reinforced concrete bridge columns over time under corrosion and buckling conditions [13]
and the functionality (performance) of the road network in the process of repairing damage
to the bridge due to earthquakes [14].

In the field of asset management (excluding systems), various factors affecting the es-
tablishment of infrastructure asset management in various aspects of Libya and the United
States were analyzed, and the importance of infrastructure asset management between
the two countries and the challenges and barriers encountered during the establishment
were compared and analyzed [15]. A new organizational model that can help developing
countries perform infrastructure asset management was explored, and methods for de-
signing and developing an infrastructure asset management organizational model tailored
to the specific circumstances and needs of developing countries were studied [16]. In
addition, strategies and methods that can be used to effectively implement infrastructure
asset management in developing countries to strengthen infrastructure asset management
implementation were explored [17]. Finally, to mitigate losses from infrastructure-related
disasters (e.g., earthquakes, floods, heat waves, etc.) in the Middle East and North Africa,
appropriate practices of infrastructure asset management were investigated [18].

2.2. Infrastructure-Related Laws

According to the Framework Act on Infrastructure Management, the Ministry of
Land, Infrastructure and Transport establishes a 5-year basic plan (Article 8), and the
management agency prepares a 5-year management plan (Article 9) and submits it to
the Infrastructure Management Committee. When establishing a management plan, the
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“expenses required for the management of the relevant infrastructure (referring to expenses
classified by item such as maintenance and performance improvement) and matters related
to the procurement and operation of financial resources” in Article 4, Paragraph 3 of
the Enforcement Decree should be included. The Infrastructure Safety Act established a
system for evaluating the safety status of member units for facilities and classifying and
managing the facilities through integration, managing the data for analyzing the history of
infrastructure through the Facility Management System (FMS).

2.3. Related Analysis of Establishment Information Management System Operation Status

The key to changing the maintenance management system according to the Infrastruc-
ture Management Act is to investigate establishment-related history information, which is
then used to build a database for establishing various strategies for efficient establishment
management. However, although various construction information-related systems are cur-
rently being built and implemented, no system meets the detailed management procedures
of the Infrastructure Management Act. Therefore, the Ministry of Land, Infrastructure
and Transport has developed a detailed plan to establish an information management
system for necessary information by analyzing the information management system for
each establishment according to the classification of 15 major infrastructure facilities subject
to management under the National Land Planning and Utilization Act.

2.4. Problems and Complementary Directions According to Trend Analysis

The Infrastructure Safety Act aims to advance from a response-based maintenance
management system to a performance-oriented evaluation system. However, it is primarily
applied to large-scale or highly important facilities. Owing to the unit establishment-
oriented evaluation, experts have primarily focused on solving individual problems rather
than making comprehensive asset management decisions. To address these problems, the
Infrastructure Management Act was implemented to manage individual management facil-
ities through integrated standards and continuously establish life cycle history information
to derive improved maintenance plans, including future state predictions and prospects.
Several pending issues should be supplemented to establish the legal system and achieve
effectiveness.

This study proposes a method for calculating the necessary management plan cost,
which should be established by the management agency for establishing the basic plan of
the Ministry of Land, Infrastructure and Transport.

3. Analysis of the Performance Degradation Timing
3.1. Overview of the Performance Degradation Model

Developing a short-term (within 5 years) or mid- to long-term (after 5 years, service
life) performance degradation model for facilities is necessary to establish a management
plan. The performance degradation model analyzes the change in the performance grade of
an establishment over time and the period in which each performance grade is maintained
without action taken on an individual establishment member unit. Design and maintenance
information is used to classify information by type and member of the target establish-
ment. The information is extracted and used for analyzing the performance degradation
timing. The information required for performance degradation model analysis includes
member type, condition grade (performance grade), condition index (defect degree index),
occurrence time, and damage type of the establishment from completion to the present.

Among the extracted establishment information, the information on the performance
change through action is not used. The performance degradation model (the period from
the completion year to the first maintenance) is analyzed using the information before
the first action. This is called the “performance degradation model when no action is
taken”. Information after the point of performance improvement is used as information to
determine the degradation acceleration rate of the performance degradation model after
maintenance actions when analyzing the life cycle with a performance degradation model
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after action (the period from the time of the first maintenance to the maintenance performed
again thereafter).

3.2. Analysis Procedure for the Performance Degradation Timing for Model Development

The performance degradation model must be developed for all member types of
facilities subject to the infrastructure management plan. Member unit information analysis
is based on member type, condition grade (performance grade), condition index (defect
degree index), occurrence time, and damage type. The condition grade is converted into
a performance grade, and a prediction curve is obtained by considering the performance
grade and occurrence time on the graph. When analyzing the prediction curve, error
information, such as defect repair, special damage, and erroneous input information should
be removed through discrimination. The procedure for analyzing the degradation point is
as follows:

(Step 1) Collecting and extracting target establishment data (member type by span, member
form, completion year, span length, traffic volume, condition grade by inspection and
diagnosis service period, etc.);
(Step 2) Creating a performance grade change graph after converting condition grade into
performance grade (x-axis: lifespan, y-axis: performance grade);
(Step 3) Filtering error data (except for repair damage and special condition damage);
(Step 4) Deriving the performance degradation curve;
(Step 5) Analysis of individual performance degradation points.

Step 1 extracts establishment information, such as member type and condition grade
by span, from the collected data (safety inspection and precise safety diagnosis report).
Table 1 shows an example of information extraction results.

Table 1. Data collection and extraction results for analyzing the performance degradation timing (example).

Facility
Type

Member
Type

Member
Form

Member Form
by Span

Detailed Member
Form

by Span

Completion
Year

Span
Length

Traffic
Volume

Performance Grade by Period

2015 2020 ···

Test
bridge

Super
structure

Floor slab

Span 1 floor
slab Concrete floor slab 2010 30 20,000 A (1.0) B (0.7) ···

Span 2 floor
slab Concrete floor slab 2010 35 20,000 A (1.0) C (0.5) ···

··· ··· 2010 ··· ··· ··· ··· ···

Girder

Span 1 girder Steel girder 2010 30 20,000 A (1.0) B (0.7) ···

Span 2 girder Concrete girder 2010 35 20,000 A (1.0) C (0.5) ···

··· ··· 2010 ··· ··· ··· ··· ···

Sub-
structure

Abutment

Span 1
abutment Self-weight type 2010 30 20,000 A (1.0) B (0.7) ···

Span 9
abutment Self-weight type 2010 30 20,000 A (1.0) B (0.7) ···

Pier

Span 2 pier T type 2010 35 20,000 A (1.0) C (0.5) ···

Span 3 pier π type 2010 35 20,000 A (1.0) C (0.5) ···

··· ··· 2010 ··· ··· ··· ··· ···

Foundation
Span 1

foundation Caisson 2010 30 20,000 A (1.0) B (0.7) ···

··· ··· 2010 ··· ··· ··· ··· ···

Step 2 converts the condition grade collected through safety inspection and a precise safety
diagnosis report for each member into a performance grade (performance grade = 1− condition
grade) and expresses the change in performance grade over time in a graph (y-axis is
performance grade, x-axis is life) to analyze the performance degradation timing. Step 3
shows the performance grade information according to the elapsed years of the member to
be analyzed by the span of the target establishment in a graph, where only the information
corresponding to the damage type under the Infrastructure Safety Act is applied. Useful
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information is extracted by filtering erroneous information. Figure 2 shows an example of
filtering such outlier information.
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Figure 2. Erroneous information filtering (example): (a) application of information; (b) filtering;
(c) derivation of graded graph.

The performance grade is an index that indicates the state of the facility, and classifies
A as excellent, B as good, C as normal, D as poor, and E as bad.

Step 4 derives a performance degradation curve through regression analysis as linear,
quadratic, and exponential functions for information generated through data filtering. The
first and second-order functions are y = −ax + b and y = −ax2 + bx + c, respectively. Other
exponential functions can be used. Various regression analyses (linear function, quadratic
function, etc.) are performed. A function with a coefficient of determination (R2) close to 1,
a function with a high degree of fit, is selected and used as a performance degradation curve.
As shown in Figure 3, the performance degradation curves without and after maintenance
are derived separately.
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Step 5 derives the time to take action for each member grade of the establishment
through regression analysis. Table 2 shows the results of deriving the performance degra-
dation timing by analyzing the performance deterioration timing. Finally, the performance
deterioration prediction model is updated by accumulating information on the results of
annual inspections and diagnoses.

Table 2. Determination of performance deterioration actions (example).

Analysis of the Performance Deterioration Timing

Establishment Member
Cycle by Grade (Year)

A B C D E

Test bridge

Member A 0–5 6–18 19–29 30–36 37–41
Member B 0–18 19–29 30–41 42–52 53–62
Member C 0–3 4–10 11–17 18–26 27–30
Member D 0–6 7–12 13–18 19–24 25–30
Member E 0–3 4–6 7–9 10–12 13–15
Member F 0–2 3–6 7–11 12–18 19–26



Buildings 2023, 13, 1983 7 of 18

4. Analysis of Proper Construction Methods by Performance Grade
4.1. Overview of Analysis of Proper Construction Methods

Maintenance actions, such as appropriate repair and reinforcement, are required to
restore the degraded performance. The available methods and costs for each performance
grade may vary according to the damage type. The representative cost for each grade must
be analyzed according to the performance grade system to analyze the optimal timing of
action based on the relationship between performance and cost. The maintenance costs
vary according to the difference between the performance level at the time of maintenance
and repair of the establishment and performance level to be restored (target performance
level) (Figure 4). This study refers to the information analysis to predict the cost according
to the action level by grade as the analysis of proper construction methods by performance
grade. In this analysis, repair and reinforcement methods for various damage types are
presented as representative construction methods for each performance grade by weighted
combination within the grade. A cost model for each member unit linked to the performance
degradation model is derived through a cost prediction curve.
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4.2. Analysis Procedure for Proper Construction Methods

The analysis of proper construction methods by performance grade to establish a cost
model is performed according to the following procedure:

(Step 1) Collecting and extracting target establishment data (inspection report, repair and
reinforcement work statement, and repair and reinforcement method unit price data);
(Step 2) Connection of damage type and repair/reinforcement method by performance grade;
(Step 3) Calculating the weight and unit price of representative repair and reinforce-
ment methods;
(Step 4) Establishing cost models for proper construction methods by member grade.

Step 1 extracts the information on the repair and reinforcement method, performance
grade, repair quantity, and unit price according to damage by member performed from the
year of completion to the present (material cost, labor cost, and expense) through the in-
spection and diagnosis service information and repair and reinforcement work information
collected from the target establishment data (Table 3).

Step 2 defines possible damage types of the target member and derives a repair and
reinforcement method according to the performance grade (Table 4). Using the information
accumulated in Step 1, a repair and reinforcement method is derived by linking the perfor-
mance grade and damage type based on systematically organized data. ‘#’ in Table 4 is a
symbol indicating the existence/nonexistence of each damage type in the related member.
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Table 3. Target establishment information extraction (example).

Facility
Category Member Detailed

Member
Bridge Completion

Year
Ascending/Descending

Line
Span

Number

Repair and Reinforcement

2022

Damage
Type

Repair
Method

Repair
Quantity Unit Grade

Price (KRW)

Material
Cost

Labor
Cost Expense Total

Bridge Floor slab Concrete
floor slab

Bridge A 00 Ascending line 1
Crack Section repair 0.48 m2 b 15,711 22,489 106 38,306

·· ·· ·· ·· ·· ·· ·· ·· ··

Bridge B 00 Ascending line 2
Damage Section

reinforcement 1360 m2 c 107,680 47,406 106 155,192

·· ·· ·· ·· ·· ·· ·· ·· ··

Table 4. Selection of repair and reinforcement methods according to performance grade and damage type (example).

Member Form Grade

Damage Type

Repair and Reinforcement
MethodCrack

Crazing
(Network of
Fine Cracks)

Exfoliation Damage Contamination Leaks and
Efflorescence

Exposed Re-
bar/Corrosion

Material
Separation Spalling Lack of Cover

Thickness

Floor slab Concrete
floor slab

b, c # # Injection method
a, b, c # # # # # Surface repair

b, c # # # # # # # # # Section repair
c, d # # # # # # # # Connection method
c, d # # # # # # # # Asphalt surface treatment
d, e # # # # # # Floor slab replacement
c, d # Filling method

b, c, d # Waterproof layer repair
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Step 3 selects a representative repair and reinforcement method and calculates the unit
price of the representative method (Table 5). As a detailed procedure for calculating the
unit price of the representative construction method, the application performance of the
repair and reinforcement method by grade from the date of completion to the present is
investigated to determine the number of times it has already been applied. Subsequently,
the application performance (number of times) of the repair and reinforcement method
by grade should be converted into an application weight to be integrated into the repre-
sentative repair and reinforcement method. The unit price of the repair and reinforcement
construction method at the time of information collection is converted to the unit price
of the current construction method by reflecting the current price index. Finally, when
applying the repair and reinforcement methods by performance grade according to the
damage type, the representative repair and reinforcement method unit price is calculated
by multiplying the applied weight by the repair and reinforcement method unit price.
Finally, Step 4 establishes an appropriate construction method analysis model for each
performance grade derived through Steps 1 to 3 and updates the cost prediction model
based on the results of the annual inspection, diagnosis, repair, and reinforcement.

Table 5. Calculation of the unit price of the representative repair and reinforcement method (example).

Member
Grade

(Before
Action)

Damage
Type

Repair
Method

Application
Performance

(Times)

Application
Weight

Repair/Reinforcement
Price (KRW)

Average
Quantity Unit

Representative
Method

Price (KRW)

Concrete
floor slab

b

Microscopic
cracks

Injection
method 120 100% 19,151 10 m 19,191

Surface
damage

Surface
repair 224 88% 38,306 10 m2

52,332
Damage Section

repair 30 12% 155,192 10 m

c

Microscopic
cracks

Injection
method 100 100% 19,151 10 m 19,191

Surface
damage

Surface
repair 180 75% 38,306 10 m2

67,528
Damage Section

repair 60 25% 155,192 10 m

d
Cracks,

leaks, and
efflorescence

Adhesion
method 20 100% 324,388 10 m2 324,388

e

Cracks,
leaks, and

efflorescence

Adhesion
method 10 100% 324,388 10 m2 324,388

Damage,
corrosion,

and spalling

Floor slab
replacement 2 100% 543,440 10 m2 543,440

5. Representative Life Assessment of the Establishment
5.1. Overview of Representative Life Assessment

The representative life assessment of an establishment aims to establish an analysis
period for the optimal timing of action method. Generally, the analysis period is set as the
life for the assessment because the life cycle cost (LCC) assessment at the design stage for a
design type or construction method application analyzes the relative difference between
the two alternatives throughout the design, maintenance, and dismantling/disposal stages.
From a practical perspective for management planning, the representative life assessment
was intended as an analysis period to analyze the expected effect to establish an optimal
repair and reinforcement construction plan. Determining the point at which the safety
performance of individual unit facilities deteriorates below the limit is necessary to achieve
the expected effect of life cycle information analysis. Therefore, this study defines the
life of facilities required to establish a management plan as the point at which the result
of performing “maintenance at the optimal level of action” on structural members is
completed, considering the maintenance cost effect as the representative life.
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5.2. Representative Life Assessment Methods and Procedures

The representative life assessment (Figure 5) determines the optimal level of main-
tenance actions analyzed in individual member units to establish an optimal repair and
reinforcement plan, determining the end-of-life of each member as the representative life.
The target member of the representative life assessment is defined as the main structural
member constituting the establishment. Among several structural members, a structural
member whose life ends the earliest is defined as a life member for determining a represen-
tative life value.
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Accordingly, the representative life assessment procedure first classifies the structural
and nonstructural members among the various members constituting the individual unit
facilities and performs an analysis to determine the optimal action time for the structural
members. Among the structural members, the end-of-life of the member with the earliest
end-of-life, derived from determining the optimal timing of action, is considered the
representative life. Finally, in terms of the management plan, the estimated cost and period
should be included in the management plan based on the improvement and renovation
work information investigated at the end of the life in the performance improvement
information survey.

6. Analysis of Optimal Timing of Action
6.1. Changes and Overview of Maintenance System

Predicting the short-, mid-, and long-term establishment management budgets is
necessary to establish a management plan. In this maintenance activity, budgets are
invested to raise the performance grade of the current establishment to the target grade.

The existing maintenance management system (Figure 6) repeatedly performs repair
and reinforcement through continuous inspection and diagnosis after the completion of the
establishment and restoration of damage to each establishment member according to the
results. This is to perform reactive maintenance to maintain the current management level
in good condition (grade B) regardless of the expected life cycle effects. These actions serve
as an action plan to prevent performance grade degradation, which is crucial when not
handled, and maintain an appropriate performance grade. However, the repetitive grade
restoration of an establishment whose grade has been reduced by such a reactive action is
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implemented as a single maintenance method. Thus, the efficiency of maintenance costs or
the advantages or disadvantages of performance improvement could not be considered.
Therefore, the current maintenance system may have difficulties applying the optimal
maintenance method owing to reactive maintenance.
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This study classifies the proposed method into preemptive, appropriate, and marginal
maintenance methods based on the results of analyzing the expected effects of life, cost,
and performance rather than a single response maintenance method when the performance
grade is reduced without action taken in various ways from grades B, C, and D, as shown
in Figure 7. The method with the highest priority is applied as the optimal timing of
action. Determining the optimal timing of action for individual members predicts when
the performance grade of each member deteriorates and determines the time to improve
the performance grade through actions, such as repair, reinforcement, and replacement for
each performance grade, to determine the maintenance levels for optimum performance,
cost, and life expectancy.
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6.2. Analysis Procedure for Optimal Timing of Action

Based on the expected effect analysis for determining the optimal timing of action,
the analysis algorithm for the optimal timing of action derives the optimal repair and
reinforcement plan through the following five-step analysis:

(Step 1) Linkage between performance degradation time analysis and cost prediction
analysis results (uniform time dimension);
(Step 2) Analyzing the expected effect performing one-time actions in a specific grade for
an establishment;
(Step 3) Analyzing the expected effect of reaction after the first action (reanalysis, as in
Figure 8);
(Step 4) Deriving a maintenance scenario for the existing maintenance system;
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(Step 5) Establishing short-term maintenance and reinforcement plans through optimal
maintenance scenarios.
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6.3. Method of Determining the Optimal Timing of Action

The method for determining the optimal timing of action develops a performance
degradation and cost prediction model for each member and derives the time when each
performance grade is expressed for each member unit. A model linking performance grade
degradation and cost increase prediction is derived by linking the time of occurrence of the
derived performance grade with a cost prediction model representing the representative
cost for each grade.

Subsequently, the optimal action time decision for each member unit is derived by
verifying the effect of increasing the life according to the action by grade. First, when the
current grade of the member is B, the cost of actions taken for grade B as a preemptive
action and the cost of actions taken upon reaching grade C after the performance grade is
lowered again are added up. The extended life resulting from the two actions is also added.
This sum of costs and performance is calculated by dividing the cost per unit life or the life
per unit cost.

Conversely, when the current grade of the member is B but the performance grade is
lowered to C without applying preemptive actions, the cost of actions and the resulting
extended life are calculated to derive the effect of increasing life as in the case of applying
preemptive actions. Subsequently, the most effective action is selected and reflected as the
timing of action by comparing the extended life against the derived cost. Figure 8 shows
the stepwise, detailed method for these procedures.

When the expected effect analysis method for determining the optimal timing is
applied for each grade and repeatedly applied until the end of life, the optimal action
scenario for the member is established. In addition, when the analysis results for each
member are summed up on a facility basis, the result of the facility’s optimal action time
can be derived. In the end, it can be said that it is a method of finding an optimal solution
through relative differences by repeatedly learning the life-extension effect analysis for
each level based on the tendency of performance and cost to change for each level.

7. Model Application and Analysis
7.1. Overview of Target Establishment and Data (Information) Collection

The proposed method was reviewed by applying it to water supply facilities, repre-
sentative infrastructure facilities among national and local government facilities. Main
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facilities in the water supply system include water treatment plants, offices, reservoirs,
pressurization plants, and water pipelines. Among these, the reservoirs, completed many
years prior and with many management targets, were selected to apply and review the
proposed method.

To review the status of the elapsed years of facilities in the reservoir, the current status
of the number of years since the establishment completion was analyzed based on data,
such as completion publications, precise inspections, and precise safety diagnosis reports
for 99 reservoirs (as of 2019), was considered [19]. The 99 reservoirs have been in service
for 26.5 years on average, exceeding 30 years after approximately 3.5 years. Currently, there
are 40 facilities older than 30 years, accounting for approximately 40.4% (Table 6).

Table 6. Reservoir degradation status analysis.

Category 30 Years or Longer 20–30 Years 10–20 Years Less than 10 Years

Number of facilities by age 40 26 27 6

Although the proportion of facilities older than 30 years is relatively higher than other
facilities, the current durability grade is maintained at “B” through continuous maintenance
and management by the Office of Waterworks.

Inspection and diagnosis information related to the investigation on maintenance
management included detailed items, such as unit damage, grade, quantity, index, repair,
and reinforcement plan (Table 7). Based on each inspection and diagnosis, major repair
and reinforcement plans are used as basic data for calculating future budgets. Thus, the
reliability of this information survey is of utmost importance.

Table 7. Inspection and diagnosis information investigation.

Inspection and
Diagnosis

Type
Member Damage Condition

Grade
Damage

Type
Damage
Quantity

Maintenance
Plan

Maintenance
Method

Maintenance
Quantity

Quantity
Unit

Precise safety
inspection

Upper
slab Leak b Rust water

spill 90 Rust removal Spacer rod
removal 90 EA

Precise safety
inspection

Upper
slab

Concrete
efflorescence b Efflorescence 1

Complete
waterproof layer

construction
A = 2204.56 m2

Complete
waterproof

layer
construction

(with the
haunch)

2204.56 m2

Precise safety
inspection

Lower
slab

Expansion
joint

dropout and
deterioration

b Surface
deterioration 8

Complete
waterproof layer

construction
A = 2273.13 m2

Complete
waterproof

layer
construction

2273.13 m2

Precise safety
inspection Wall

Expansion
joint

dropout and
deterioration

b
Waterproof

layer
spalling

1

Complete
waterproof layer

construction
A = 1008.42 m2

Complete
waterproof

layer
construction

1008.42 m2

Precise safety
inspection Wall

Concrete
spalling/layer

separation
b Stainless

dropout 1 Waterproof layer
construction

Waterproof
layer

construction
0.3 m2

Precise safety
inspection Wall Leak b

Waterproof
layer

bubble
15

Complete
waterproof layer

construction
A = 1100.88 m2

Complete
waterproof

layer
construction

1100.88 m2

...
...

...
...

...
...

...
...

...
...

Subsequently, the performance improvement information survey collected informa-
tion on constructions conducted to improve the safety, durability, and usability of the
establishment. The performance improvement information survey was conducted for each
reservoir. The contents of the project primarily included waterproofing, anti-corrosion
work, and repainting work (Table 8).
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Table 8. Performance improvement information survey.

Serial
Number Performance Detailed

Performance Target
Performance
Improvement

Method

Performance
Improvement

Quantity
Unit Total Construction

Cost (KRW 1000)

1 Safety Safety
performance Reservoir Corrosion protection 20,136 m2 995,775

2 Safety Safety
performance Reservoir Corrosion protection 9688 m2 480,414

3 Safety Safety
performance Reservoir COSREM,

tempered glass 7111 m2 355,400

4 Safety Safety
performance Reservoir Inorganic 8886 m2 444,098

5 Safety Safety
performance Reservoir COSREM (coating),

tempered glass 7111 m2 335,400

6 Safety Safety
performance Reservoir Corrosion protection 9714 m2 612,907

7 Safety Safety
performance Reservoir Corrosion protection 32,758 m2 2,850,265

...
...

...
...

...
...

...
...

In the method review, a data survey, analysis of the performance degradation timing,
and analysis of proper construction methods by performance grade were conducted for
99 reservoirs (total). The representative life assessment of the establishment and analysis
of optimal timing of action were applied only to 40 reservoirs aged 30 years or older
considering the degradation level.

7.2. Analysis of the Performance Degradation Timing

Table 9 below shows the performance degradation model when no action is taken,
analyzed through the performance degradation analysis method and the cost prediction
model for each member. The performance degradation model for each member was
analyzed for upper slab y = −0.00255x2 + 5, lower slab y = −0.00230x2 + 5, and wall
y = −0.00163x2 + 5.

Table 9. Performance degradation model for each reservoir member.

Upper Slab Lower Slab Wall
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7.3. Analysis of Proper Construction Methods by Performance Grade 
The current status of cost occurrence by construction method and grade was ana-

lyzed to develop a cost prediction model. Based on the results of the information survey, 
the current status of the cost trend was calculated by classifying the repair and reinforce-
ment construction methods by condition grade. Through this, the cost status for each rep-
resentative construction method and grade of the establishment was derived, as shown in 
Table 10. 

Table 10. Cost incurred by grade of each member. 

    (Unit: KRW 1000) 

Category 
Cost Incurred by Grade of Upper and Lower Slabs Cost Incurred by Grade of Wall 

A B C A B C 
Crack repair method 5.9 3785 8011 - - 613.7 
Leak repair method - 11,759 18,287 - 76.9 70.9 

Section repair method 194 1201 3416 815.7 16.4 239 
Painting method 267 12,279 1 2.1 313.8 793.8 

Mortar repair method 31 359 73 - - - 
Waterproofing method 250 10,741 115,900 - - - 

Bolt replacement method - 49 119.3 - - - 
Tile repair method 3.1 212,120 - - - - 

Surface repair method 1122 - 3315 1252 469.4 13.4 
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lyzed to develop a cost prediction model. Based on the results of the information survey, 
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lyzed to develop a cost prediction model. Based on the results of the information survey, 
the current status of the cost trend was calculated by classifying the repair and reinforce-
ment construction methods by condition grade. Through this, the cost status for each rep-
resentative construction method and grade of the establishment was derived, as shown in 
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This reservoir performance degradation model was used to determine the timing of
action and to analyze expected effects.

7.3. Analysis of Proper Construction Methods by Performance Grade

The current status of cost occurrence by construction method and grade was analyzed
to develop a cost prediction model. Based on the results of the information survey, the
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current status of the cost trend was calculated by classifying the repair and reinforcement
construction methods by condition grade. Through this, the cost status for each repre-
sentative construction method and grade of the establishment was derived, as shown in
Table 10.

Table 10. Cost incurred by grade of each member.

(Unit: KRW 1000)

Category
Cost Incurred by Grade of Upper and Lower Slabs Cost Incurred by Grade of Wall

A B C A B C

Crack repair method 5.9 3785 8011 - - 613.7
Leak repair method - 11,759 18,287 - 76.9 70.9

Section repair method 194 1201 3416 815.7 16.4 239
Painting method 267 12,279 1 2.1 313.8 793.8

Mortar repair method 31 359 73 - - -
Waterproofing method 250 10,741 115,900 - - -

Bolt replacement method - 49 119.3 - - -
Tile repair method 3.1 212,120 - - - -

Surface repair method 1122 - 3315 1252 469.4 13.4
Total 1873 252,293 149,122.3 2069.8 876.5 1730.8

A cost prediction model was calculated for each establishment member through data
organized by grade and method of repair and reinforcement. The trend function model of
the cost model analyzed the models for the linear, logarithmic, and exponential functions
and selected the model with the highest fit (Table 11). The upper/lower slab cost prediction
model was analyzed as y = 0.0478e1.3313x (R2 = 0.9432), and the wall cost prediction model
as y = 0.0857e1.2286x (R2 = 0.9554).

Table 11. Cost prediction model for upper/lower slabs, wall.

Grade before Action Grade after Action Cost Prediction Model for Upper and
Lower Slabs Cost Prediction Model for the Wall

A A
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7.4. Representative Life Assessment of the Establishment

The predicted representative life was analyzed when optimal maintenance was con-
tinued based on the performance degradation and cost models. In the representative life
assessment, the sub-members of each establishment were classified into structural mem-
bers with structural functions and nonstructural members that are necessary components
but do not have structural functions. The representative life of the establishment was
determined based on the structural members. The upper slab was selected as the standard
member for representative life (minimum life). For reservoirs aged 30 years or older, the
predicted results were 35 years of service life, 85 years of life assessment, and 50 years of
remaining life.
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7.5. Analysis of Optimal Timing of Action

For reservoirs with a service life of 30 years or more, the preemptive action for the
current grade B or action for grade C or D after performance grade degradation, life-
extending effect against cost in terms of life cycle prediction cost, and expected effect for
restoration of the damage grade shown in the inspection and diagnosis were derived, as
shown in Table 12.

Table 12. Analysis results of the optimal timing of action for reservoirs aged 30 years or older.

Maintenance Scenario Action
Grade

Life-Extending
Effect After Action

(Year)

Life Cycle
Prediction Cost

(KRW 1000)

Cost/Life Life Cycle Average Performance

Cost (KRW 1000)
/Year

Relative
Ratio

Grade
Index

Relative
Ratio Grade

Preemptive action B 105 443,152 4220.5 0.769 3.51 1.05 B

Proper action C 115 500,060 4348.3 0.792 3.47 1.03 C

Limit management action D 135 741,022 5489.1 1.000 3.35 1.00 C

In conclusion, the optimal timing of action for a reservoir with a service life of 30 years
or longer is when the average life cycle performance at each action level is grade C or
higher. Preemptive actions for grade B have the most cost-effective life-extending effect.
The analysis indicates that performing repair and reinforcement works for the reservoir
before the performance falls below grade C (Table 13) is the most effective course of action.

Table 13. Prediction of life cycle cost by action level for reservoirs aged 30 years or older.

Category Cost by Age Cumulative Cost

Preemptive
maintenance

(Grade B actions)
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for establishing a management plan under the Infrastructure Management Act, this study
proposed a method which includes analyzing the performance degradation timing, proper
construction methods by performance grade, and optimal timing of action, and assessing
the representative life of the establishment based on the trend analysis results of domestic
and foreign maintenance.

(1) Analyzing the performance degradation timing plots a performance grade change
graph based on the target establishment data. The performance degradation curve is
derived through error data filtering in the graph, analyzing individual performance
deterioration points.

(2) Analyzing proper construction methods by performance grade derives a repair and
reinforcement method by linking the performance class grade and damage type using
the target establishment data. Among the derived construction methods, a cost model
is established after calculating the weight and unit price of the representative repair
and reinforcement methods.

(3) The representative life assessment of the establishment determines the life required
for analysis. Among the structural members, the life of the structural member with
the earliest end-of-life is determined as the representative life.

(4) Analyzing the optimal timing of action establishes the repair and reinforcement
plan through the optimal maintenance scenario with high priority after applying the
maintenance scenarios by dividing them into preemptive, proper, and limited actions.

While accuracy is significant for predictive analysis, the proposed method determines
the timing through the expected effects, considering the relative difference between the
actions at the current grade and those after performance grade degradation. With the
performance degradation and cost prediction models under the same conditions applied
between the alternatives, the method for deriving the relative difference will have fewer
errors owing to the accuracy of the model. In addition, uncertainty can be reduced by
periodically updating new information to improve the accuracy of each model.

Finally, it is necessary to develop a standardized predictive model for infrastructure
life cycle analysis. Standard models are already being applied through specifications
or guidelines in various engineering fields, and it is judged that research on various
element technologies is necessary to apply standard prediction models for each facility
type to maintain.
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