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Abstract: The sustainability of structures during their construction and service life has become a
widespread topic of interest. To ensure the sustainability of bridges, maintenance databases can be
analyzed to determine the status changes and required maintenance of existing bridges. The results of
this analysis can then be used to predict the environmental impacts and costs incurred during ongoing
maintenance of new bridges to prepare accordingly for the future. To prepare for future events,
this study utilizes the US National Bridge Inventory to analyze changes in the condition rating of
bridge decks and substructures according to their service years, and suggests maintenance scenarios
for the service life of bridge deck and substructure concrete by investigating the maintenance activities
according to service years. The factors for applying the scenarios in Korea and conceptual equations
for life cycle studies which apply the scenarios are discussed for further study in the life cycle
assessment field of bridges.
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1. Introduction

To ensure the sustainability of a structure over its entire life cycle, it is important not only to
estimate the cost and environmental impacts due to construction, but also those due to operation
and maintenance during its service life. A structure requires energy to operate during its service life,
including the various materials and energy used for maintenance. As maintenance type and method
are often determined according to the degree of damage to a structure, it can be difficult to predict the
energy required for maintenance before damage occurs.

In previous studies, the most common method for evaluating the life cycle impacts of bridges
has been to establish a certain scenario for maintenance [1–9]. However, the maintenance activities
considered in most life cycle assessment (LCA) studies are still limited, as they do not take into
consideration the deterioration of the structural parts such as concrete structures. The concrete structures
in bridges undergo phenomena such as spalling and cracking during deterioration. Because these
structures are of primary importance, the maintenance activities they require should be considered for
more appropriate life cycle studies. The purpose of this study is to fill this gap.

To more thoroughly evaluate the impacts of maintenance on the life cycle costs (LCC) of bridges,
the changes that bridges have experienced in the past can be analyzed and used as a basis for predictions
of future maintenance requirements. Accordingly, in this study, the trend of bridge condition change is
analyzed by using information from bridge asset databases, in order to derive the expected condition
rating according to service years of bridges. As a result, the maintenance scenario for the life of bridge
concrete structures is proposed based on investigation of the historical maintenance activities according
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to service years. Furthermore, the factors for applying the scenarios in Korea and conceptual equations
for life cycle assessment studies which apply the scenarios are discussed for future use.

2. Material and Method

2.1. Maintenance Phase in Bridge LCA and LCC

LCA is a method commonly used for estimating the environmental impact of products and services.
LCA is a standardized and systematic method based on ISO 14,040 that evaluates the potential
environmental impacts of a product or a service throughout its whole life cycle [10,11]. In bridge
LCA studies, the bridge is considered as a product and the life cycle is divided into four (or five)
phases: manufacturing phase, construction phase, maintenance and use phase (or maintenance phase
and use phase), and end-of-life phase [2,3,5,8,11]. Whereas LCA focuses on environmental impact,
LCC is a method for calculating the expected cost. The expected total cost during the lifetime of a
bridge can be expressed as follows

CET = CT + CPM + CINS + CREP + CF (1)

where CT is the initial cost, CPM is the expected cost of routine maintenance, CINS is the expected cost
of inspections, CREP is the expected cost of repair, and CF is the expected failure cost [12].

The impact of maintenance is an important part of both LCA and LCC, and as the maintenance
phase continues throughout the service life of a bridge, it is considered to be the longest phase in
the life cycle. However, the evaluated results of this phase are usually uncertain because the realistic
maintenance schedule and repair intervals are influenced by the budget plan, periodic inspection,
and material deterioration conditions [3].

Defining the scenario for each maintenance activity is important for estimating environmental
impact and cost during the maintenance phase. Various maintenance activities have been considered
in previous studies to build the maintenance scenario. However, as shown in Table 1, the maintenance
activities which are applied in the previous studies are mostly focused on subsidiary materials.
As concrete is the main material which forms the structure of road and railway bridges, it is essential
to consider the concrete structure of bridges in the bridge maintenance phase.

Table 1. Maintenance activities considered in previous bridge life cycle studies.

Previous Studies Principal Maintenance Activities Structural Maintenance Considered

Horvath and Hendrickson [6] Repainting None

Gervásio and da Silva [4] Crack repair (resin), spalling
repair (mortar patch) Minor repair

Itoh and Kitagawa [7]
Pavement, deck replacement,
repainting, expansion joint
replacement, support replacement

Deck replacement

Hammervold et al. [5] Repainting, parapet steel
replacement, asphalt renewal None

Safi, Sundquist and Karoumi [13]

Expansion joint (refreshment,
replacement), edge beam
(impregnation, concrete repair,
replacement), railing, bearings,
drainage system, steel
superstructure painting, slope and
cones dressing, bridge deck repair,
waterproofing, wearing course

Edge beam repair, deck repair
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2.2. Bridge Asset Databases

To systematically manage structures, many countries around the world have developed systems
for collecting data describing the current status and maintenance history of bridges according to year.
The data collected for such systems constitute a form of big data, and are actively used in research on
bridge status analysis, traffic analysis, and cost predictions [12,14–20].

A representative bridge maintenance dataset is the National Bridge Inventory (NBI) of the US
Department of Transportation (US DOT). The US DOT has been annually updating the NBI since
1992 to facilitate accurate and systematic bridge management. The NBI includes a total of 137 types
of data, including bridge construction year, use, and structure type. Among these data, information
describing deck, substructure (including piers and abutments), and superstructure conditions are
recorded as one-digit number ratings based on a coding guide [21].

In Korea, the Ministry of Land, Infrastructure, and Transport provides annual status information
on bridge length, locations, and the like through the Road, Bridge, and Tunnel Status Information
System [22]. This system manages bridge information, benchmarks bridge management systems (BMS)
in Europe and the US and accumulates maintenance data over the entire life cycle of the bridges it
contains [23,24]. Additionally, the Korea Expressway Corporation operates an expressway public
data portal that discloses a variety of public data on expressways for reference by private users [25].
This system is configured to provide datasets related to bridge maintenance that include bridge status,
inspection information, diagnoses, and repair work performance among the numerous included
datasets related to transportation, construction, and maintenance. However, considering that land
was most actively developed in the 1990s and 2000s in Korea, many bridges have relatively short
recorded service lifetimes. This can be confirmed by reference to the bridge statistics in the annually
updated Road, Bridge, and Tunnel Status Information System. Figure 1 compares the data in this
system with the US bridge data in the NBI: only 11% of bridges in Korea have been in service for over
30 years, whereas 65% of bridges in the US have been in service for over 30 years. From the perspective
of bridge service life, this indicates that most of the bridges in Korea are still in the early stage of their
life cycle, while many bridges in the US are in their later stages. In particular, the US NBI database
contains many bridges that have been in service for over 100 years. This indicates that the data on
US bridges are more appropriate than the Korean data for analyzing bridge life cycle maintenance.
Accordingly, this study used the US NBI data to investigate changes over the service lives of bridges
while assuming the service life of a bridge to be 100 years.

Figure 1. Distribution of bridges according to bridge service years in the US and Korea.

2.3. National Bridge Inventory

The bridge condition rating used in the NBI is divided into 10 ratings from 0 to 9 in a
one-digit format, with definitions for each rating [26]. Furthermore, the US DOT classifies bridge
maintenance actions from the perspective of asset management, with the maintenance actions required
for each condition rating defined according to this classification, as shown in Table 2 [27].
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Table 2. Maintenance actions based on NBI condition rating [27].

Condition Rating Description Maintenance Action

N NOT APPLICABLE -

9 EXCELLENT CONDITION

Preservation/cyclic maintenance8 VERY GOOD CONDITION—no problems noted.

7 GOOD CONDITION—some minor problems.

6 SATISFACTORY CONDITION—structural
elements show some minor deterioration.

Preservation/condition-based
maintenance

5
FAIR CONDITION—all primary structural
elements are sound but may have minor
section loss, cracking, spalling, or scour.

4 POOR CONDITION—advanced section loss,
deterioration, spalling, or scour.

Rehabilitation or replacement

3

SERIOUS CONDITION—loss of section,
deterioration, spalling, or scour have seriously
affected primary structural components.
Local failures are possible. Fatigue cracks in steel
or shear cracks in concrete may be present.

2

CRITICAL CONDITION—advanced
deterioration of primary structural elements.
Fatigue cracks in steel or shear cracks in concrete
may be present or scour may have removed
substructure support. Unless closely monitored it
may be necessary to close the bridge until
corrective action is taken.

1

“IMMINENT” FAILURE CONDITION—major
deterioration or section loss present in critical
structural components or obvious vertical or
horizontal movement affecting structure stability.
Bridge is closed to traffic, but corrective action
may put it back in light service.

0 FAILED CONDITION—out of service,
beyond corrective action.

As of 2018, the NBI database holds records on 616,096 bridges. This study utilized a valid
dataset describing a total of 458,488 bridges obtained after removing incomplete and omitted data.
This dataset contains road and expressway bridge information including year built, deck condition,
substructure (including pier and abutment) condition, and superstructure condition. Based on the
format of the NBI, the condition rating of each bridge could be compared with the service years.
Meanwhile, as actual bridges show different aging tendencies in different components of their structure,
the required maintenance activities are also different, so analysis of costs and impacts based on different
structure components is considered reasonable. Accordingly, the changes in superstructure, deck,
and substructure condition ratings were analyzed separately.

In this study, to define the required concrete maintenance activities according to service years,
the information of maintenance activities required for each condition rating provided in the NBI
guidelines is used [27,28].

2.4. Research Framework

As shown in Figure 2, the main framework of this study is organized into three stages: condition
rating analysis, maintenance scenario development, and application stage for environmental impact
and cost calculation of bridge maintenance. In condition rating analysis stage, the trend of bridge deck
and substructure condition change is analyzed by comparing the condition rating and service years as
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two dimensions, in order to derive the expected condition rating according to service years of bridges.
Continually, in maintenance scenario development stage, the maintenance activities and the degree
of damage are classified by the condition rating according to service years, in order to develop the
maintenance scenario of bridge deck and substructure. Finally, in the application stage, the subjects
which should be considered to apply the developed scenario in Korea and the conceptual method of
utilizing the scenario for life cycle assessment calculation are discussed.

Figure 2. Research framework.

3. Results

3.1. Condition Rating Analysis

Figure 3 shows the average, standard deviation, and minimum and maximum superstructure
condition ratings within a 90% confidence interval from the NBI dataset according to service year. It can
be observed that the standard deviations of the condition ratings increase as the service years increase.
Thus, based on the 90% confidence interval, the difference between the maximum and minimum
values of the condition ratings increases as the service years increase. This indicates that bridges are
given relatively similar condition ratings early in their service life, then become more varied as their
service years increase. This is likely because different bridges are exposed to different environments
throughout their life cycle, leading to different aging rates, which means different condition changes
during the same service year. However, this study investigated the change in the average condition
ratings of the bridges in the NBI database under the assumption that the aging rate is constant.

Figure 3. Superstructure condition rating according to bridge service years.

The NBI not only contains information on the whole bridge, but also records of deck and
superstructure independently. Similar to the tendency of superstructures in Figure 3, the deck and
substructure parts also form second-order curves describing the change in each condition rating
according to service years, as shown in Figures 4 and 5. Clearly, the reduction in condition rating of
the substructure over its life cycle is larger than that of the deck. The averages of the condition ratings
in Figures 4 and 5 were rounded to whole-number (one-digit) condition ratings, respectively, so that



Sustainability 2020, 12, 9557 6 of 13

the conditions could be discussed in terms of the NBI ratings and their corresponding maintenance
activities. For example, bridge decks show an average rating of 8 in the year built and an average
rating of 6 after passing 100 years of service life. Similarly, substructures show an average rating of 8 in
the year built, but the average rating decreases to 5 after 100 years of service life.

Figure 4. Average deck condition rating according to bridge service years.

Figure 5. Average substructure condition rating according to bridge service years.

As the deck and substructure are likely to be more universal for analyzing the change in structural
concrete separately from the superstructure, only the substructure and deck ratings are analyzed in the
remainder of this study. Meanwhile, the estimated range of service years according to the condition
rating summarized in Table 3 becomes the basis for development of the maintenance scenario.

Table 3. Deck and substructure average condition rating and assigned maintenance phase according to
service years.

Deck Substructure

Average
Condition Rating Service Years Maintenance

Phase
Average

Condition Rating Service Years Maintenance
Phase

8 0–11 Phase 1 8 0–14 Phase 1
7 11–42 Phase 2 7 14–41 Phase 2
6 42–100 Phase 3 6 41–85 Phase 3
5 - - 5 85–100 Phase 4

3.2. Maintenance Scenario Development

The condition ratings of bridges vary with ongoing service years. Thus, the maintenance activities
can also be classified by correlating the condition rating to the service years of the bridge. However,
as the degree of damage to a bridge is reflected in the condition rating, the degree of application
of the maintenance activity also differs according to condition rating. The NBI Rating Guidelines
(MDOT, 2017) explain the degree of damage indicated by each condition rating according to the part
of the bridge being rated. On this basis, the actual degree of damage according to the service years
of the bridge can be determined. Then, by applying the maintenance activities provided in the NBI
Rating Guidelines for each condition rating of the bridges analyzed in this study, we can determine the
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degree of damage according to the service years of the deck and substructure, grouped in Tables 4
and 5, respectively, according to the distribution of whole-number ratings in Table 3.

Table 4. Degree of damage according to condition rating of deck.

Deck

Maintenance Phase Service Years (y) Maintenance Activity (i) Degree of Damage (MDOT, 2017) (q)

Phases 1 to 3 0–100 Crack repair A Cracking less than 0.8 mm wide with
no spalling, scaling, or delamination.

Phases 2 to 3 11–100 Crack repair B
Open cracks less than 1.6 mm wide or
sealed cracks spaced at 3.0 m or more.
Light shallow scaling present.

Phase 3 42–100

Crack repair C

Delamination, spalling, and cracking
greater than 1.6 mm wide spaced at
less than 1.5 m. Scaling may be
6.4 mm to 13 mm deep.

Cross-section repair

Cracks in cast-in-place concrete
1.6 mm wide or less or hairline cracks
in prestressed concrete spaced at more
than 0.9 m. Minor delamination and
spalling with exposed mild steel
reinforcement without section loss or
rust staining.

Table 5. Degree of damage according to condition rating of substructure.

Substructure

Maintenance Phase Service Years (y) Maintenance Activity (i) Degree of Damage (MDOT, 2017) (q)

Phases 1 to 4 0–100 Crack repair A Cracking less than 0.8 mm wide with
no spalling, scaling, or delamination.

Phases 2 to 4 14–100 Crack repair B
Open cracks less than 1.6 mm wide or
sealed cracks spaced at 3.0 m or more.
Light shallow scaling present.

Phases 3 to 4 41–100

Crack repair C

Delamination, spalling, and cracking
greater than 1.6 mm wide spaced at
less than 1.5 m. Scaling may be
6.4 mm to 13 mm deep.

Cross-section repair A

Cracks in cast-in-place concrete
1.6 mm wide or less or hairline cracks
in prestressed concrete spaced at more
than 0.9 m. Minor delamination and
spalling with exposed mild steel
reinforcement without section loss or
rust staining.

Phase 4 85–100

Crack repair D

Delamination or spalling affecting
between 2% and 10% of the area.
Excessive cracking or heavy scaling
up to 26 mm deep.

Cross-section repair B

Cracks in cast-in-place concrete
1.6 mm wide or less, or hairline cracks
in prestressed concrete spaced at 0.3 m
to 0.9 m. Moderate delamination,
spalling, or exposed prestressing
reinforcement without section loss.
Minor efflorescence present.

Meanwhile, deck replacement should also be considered during the service life of a bridge.
Kim & Jang [29] derived the appropriate deck replacement demand by analyzing the deck replacement
data of 12,129 bridges in Korea. As a result, the period of deck replacement demand was analyzed
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to be 51 years to 71 years, which indicates that the deck replacement should be performed once
during the service life of a bridge. The influence of deck replacement is already reflected in the NBI
condition ratings. Therefore, the changes in maintenance activities according to deck replacement are
unnecessary to consider. The maintenance scenarios for the concrete structure of deck and substructure,
which include the deck replacement activity, are shown in Figures 6 and 7.

Figure 6. Deck concrete maintenance scenario.

Figure 7. Substructure concrete maintenance scenario.

4. Discussions

4.1. Maintenance Quantity Application

Previous studies consider the probability and estimated application quantity of each maintenance
activity to evaluate the maintenance quantity. Although only the maintenance of major concrete
structure is considered, the maintenance of sub-materials is evaluated by considering the probability
and applied quantity of each maintenance activity during the fixed action time. An example of
maintenance quantity in Sweden is shown in Table 6 [13].
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Table 6. Example of maintenance quantity [13].

Maintenance
Activity

Description
Action Time (Years)

Probability (%) Applying Quantity
Interval Fixed Year

Paint

Improvement — 25 60% 20% of painted area

Repaint — 50 80% 100% of painted area

Improvement — 75 70% 30% of painted area

Edge beam

Impregnation 25 — 50% 100% of edge beam length

Concrete repair 25 — 20% 50% of edge beam length

Replacement — 50 20% 100% of edge beam length

Expansion joint
Refreshment 25 — 100% 100% of joint length

Replacement — 50 60% 100% of joint length

Bearings
Repair and adjustment 25 — 40% 100% of bearings number

Replacement — 50 35% 100% of bearings number

Etc.

The maintenance quantity may differ according to the construction style and built environment of
each country. In Korea, Kim, Park, and Moon derived the action time and the probability of major
structural maintenance activities by analyzing a survey of 120 experts [30]. As a result, the average
initial action time of concrete repair was 20 years and the secondary action time was 10 years, and the
probability of all maintenance activities was 40%. However, the applied quantities of maintenance
activities were not derived, and the results of the survey lacked evidence.

According to the bridge inspection guidelines in Korea, bridge maintenance actions are conducted
after the result of an inspection is reported. Therefore, further studies on concrete maintenance quantity
of bridges are needed to develop a more practical bridge maintenance evaluation method.

4.2. Application in Korea

Several countries maintain extensive databases recording the histories of bridge maintenance that
constitute a form of big data asset management. The US DOT NBI database analyzed in this study is
the most representative case of bridge history management big data. Similarly, Korea operates its own
system to manage bridge history. The bridge history databases of the US and Korea are notably similar
in their classification of bridge condition ratings, which are compared in Table 7.

Table 7. Comparisons of condition rating of Korea and US [31].

US NBI Rating South Korea Rating [31]

Condition Rating Condition Rating Description

9 A (Perfect) Best rating with no problems.
8

7 B (Good)
Minor defects in secondary structural elements but no
problems with functionality. Some repair is needed to
enhance durability.6

5 C (Poor)

Minor defects in primary structural elements or a wide
range of defects in secondary structural elements, though
this does not interfere with the overall safety of the structure.
To prevent degradation of durability and functionality,
the primary structural elements require maintenance, or the
secondary structural elements require simple reinforcement.4

3 D (Critical) Defects in primary structural elements requiring urgent
repair and reinforcement. Use may need to be restricted.2

1 E (Failure)
The safety of the structure is compromised due to severe
defects in the primary structural elements. Use should be
prohibited immediately, and reinforcement or reconstruction
should be performed.0
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However, most bridges in Korea have only a small number of service years, reflecting only
a short period of systematic bridge history management. Consequently, bridge data in Korea are
insufficient for analyzing the maintenance costs over the 100-year bridge service life assumed in
this study. By using the US DOT NBI database, this study was able to analyze a sufficiently long history
of bridge management data to predict future service costs and environmental impacts. The proposed
methods of prediction can be used to prepare countries such as Korea for bridge aging by informing
planning and resource allocation for bridge maintenance and replacement programs.

4.3. Conceptual Life Cycle Assessment

The degree of damage to a bridge determines the required quantity of material and energy input
into the maintenance activity. These are important factors when estimating the cost and environmental
impact of the maintenance activity through life cycle assessments. Generally, cost is the product of
the maintenance quantity and unit price. Note that when calculating the lifetime maintenance costs,
this study does not consider fluctuations in unit cost over time. The equations for calculating the major
maintenance costs incurred during the life of the bridge are as follows

Cdeck, substructure =
m∑
r

n∑
i

ci,rqi,r(
yr

pi
) (2)

Ctotal = Cdeck + Csubstructure (3)

where C is the cost of the deck, substructure, or total maintenance; ci,r is the unit cost (cost/unit) of
maintenance activity i for component condition rating r; qi,r is the average quantity (unit) of maintenance
activity i for component condition rating r; yr is the number of service years (years) at which component
condition rating r is provided; pi is the maintenance period (year) at which maintenance activity i is
performed; n is the total number of maintenance activities conducted over the bridge service life; and
m is the total number of component condition ratings over the bridge service life.

Typically, environmental impact is calculated as the product of the repair quantity and
emission factor, yielding the following equations for environmental impact

Ideck, substructure =
m∑
r

n∑
i

ei,rqi,r

(
yr

pi

)
(4)

Itotal = Ideck + Isubstructure (5)

where I is the environmental impact (kgCO2eq) of the deck, substructure, or total maintenance; e is the
emission factor (kgCO2eq/unit) of maintenance activity i for component condition rating r; and qi,r, yr,
pi, n, and m are defined as in Equations (2) and (3).

Using these equations, the cost and environmental impact over the entire life of a bridge can
be calculated according to the predicted condition of the bridge and its structures according to
service years, allowing a more complete understanding of the total environmental and cost impact of
the bridge. However, as the equations are conceptual by only considering the factors studied through
this study, the method of integrating the maintenance scenarios into LCA and LCC should be derived
in further studies.

5. Conclusions

The maintenance activities which are applied in previous studies on bridge life cycle are mostly
focused on subsidiary materials. Because concrete is the main material which forms the structure
of bridges, the impact caused by maintaining the concrete structure should be considered in bridge life
cycle studies.
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The purpose of this study is to derive an appropriate method of calculating the environmental
impact and cost caused by maintaining the concrete structure of a bridge during its service life.
This study presents the appropriate scenario of bridge concrete structure maintenance by analyzing
the condition rating according to service life of bridges. Moreover, the method for calculating the
impact of the bridge maintenance phase is proposed by discussing other factors. This study reaches
the following conclusions.

The condition ratings of bridges in the NBI were relatively similar early in their service lives but
became more varied as their service lives increased. This tendency is a result of the different rates of
aging due to the different environments to which the bridges were exposed. This study investigated
the change in the average condition ratings of bridge decks and substructures under the assumption
that the aging rate is constant.

An analysis of bridge deck condition ratings showed that deck ratings decreased from an average
of 8 in the year of construction to an average of 6 after 100 service years. Bridge substructure
condition ratings decreased from an average of 8 in the year of construction to an average of 5 after
100 service years. We then derived the expected service years according to the condition rating of the
deck and substructure.

For application in bridge life-cycle studies, we derived the scenarios of bridge (deck and
substructure) concrete maintenance, which consists of concrete repair and replacement by defining the
required concrete maintenance activities according to service years of bridges.

We discussed the factors which influence the results of environmental impact and cost estimation
in the maintenance phase. Moreover, we discussed the conceptual calculation method for estimating
the environmental impact and cost in equations. Further studies on factors of the calculation method
are necessary to develop the method for practical use in the bridge life cycle field.
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