
Introduction

When evaluating the environmental impact of a structure over the course of its lifetime, the maintenance of the 

structure is an important process that must be considered during its use phase. However, in the case of a bridge, 

characterizing these maintenance events before they occur is difficult, because bridge maintenance is usually 

performed after damage has occurred.

Recently, to manage the maintenance of bridges systematically, the history of bridges pertaining to the maintenance 

operation, frequency of maintenance, inspection information, and cost data, has been organized in the form of a 

database called the National Bridge Maintenance System [1]. This database contains information regarding bridge 

maintenance events that have already occurred, which can be used to facilitate decision-making with the goal of 
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Environmental impact analyses of infrastructural elements (through life cycle assessment) have been 

actively pursued worldwide, as a strategy for sustainable structural development. Accordingly, data 

pertaining to structures are required to enable the prediction of environmental impact. In the particular 

case of bridge structures, although actual maintenance performance is managed in the form of various 

datasets, little research has resulted from the use of this data, and has mostly involved limited scenarios 

that are used to estimate the environmental impact of the maintenance stage. The purpose of this study 

is to propose an equation model that uses inputs regarding bridge maintenance to evaluate the 

environmental impact of the maintenance of a bridge structure. For this purpose, the use of different 

maintenance methods and the ratio of the bridge maintenance area to total area based on maintenance 

method used were calculated using the road bridge maintenance performance dataset of Korea, and the 

proportion of main input materials used for each maintenance method was estimated. In addition, an 

equation model for estimating the annual bridge maintenance environmental impact was proposed 

using these results, and the environmental impact per unit area due to the maintenance of road bridges 

in Korea was evaluated.
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rationally estimating and reducing the environmental impact and cost for future maintenance.

This study presents an equation model for predicting the environmental impact of bridge maintenance using data 

mining in an evaluation of the impact on the life cycle of bridges through life cycle assessment. The datasets used in 

this study were summarized, and the factors affecting the prediction of the environmental impact of the maintenance 

process were extracted through data mining. Consequently, the equation model was derived from the extracted 

elements, and the annual environmental impact of the road bridge maintenance process was determined by applying 

Korean road bridge data to the equation model.

Background

Environmental Impacts of Bridge Maintenance

The environmental impact of material production and bridge construction have been actively studied [2-8]. 

However, there is a lack of research on environmental impact caused by bridge maintenance. Moreover, predicting 

future maintenance events is difficult, because the maintenance cycle may vary based on the environmental and 

structural characteristics of the country in which the bridge is built and the different maintenance methods used. 

Accordingly, various bridge life-cycle assessment (LCA) studies have included the derivation of environmental 

impacts on the assumption of limited conditions for bridge maintenance.

In existing studies, the method used to calculate the maintenance environmental impact assumes the maintenance 

cycle most commonly used. However, this is probably different from the actual maintenance event during the 

lifetime of the bridge, because the actual environment in which the bridge is constructed and the characteristics of 

its use are not considered. Therefore, this study aims to propose a model that calculates the annual average 

environmental impact of bridge maintenance by using the maintenance history data collected in a particular country.

Bridge maintenance data

To manage elements of infrastructure (such as roads and railways) systematically, systems for collecting and 

managing the current status and maintenance history of structures (such as bridges and tunnels) are being developed 

worldwide. The data collected through these systems exist in the form of various datasets, and these datasets are 

actively used for studies on the status analysis of bridges, traffic, and cost prediction.

The U.S. National Bridge Inventory (NBI) from the Department of Transportation (DOT) is one of the most 

representative bridge maintenance datasets [9]. The DOT has been managing bridges through the NBI since 1992 

and is updated annually for accurate and systematic bridge management. The NBI dataset records data on a total of 

615,002 highway bridges (as of 2017), and codes and manages a total of 137 categories of information on each 

bridge, including construction year, use, and structure type. Information on maintenance, including the condition of 

the deck, substructure condition (including pier and abutment), and the superstructure condition of the bridge, are 

recorded [10].
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In Korea, the Ministry of Land, Infrastructure, and Transport provides status information on bridge extension and 

annual opening through a road bridge and tunnel status information system. The Bridge Management System 

(BMS) established in Europe and the United States is benchmarked to manage bridge information and accumulate 

maintenance data for the entire life cycle of the bridge [11, 12].

In particular, through the Road Statistics and Maintenance Information System operated by the Ministry of Land, 

Infrastructure and Transport, datasets of performance statistics on road maintenance costs from 1977 to 2017 are 

available to the public [13]. In addition, the Korea Expressway Corporation operates a highway public data portal to 

disclose various data collected on highways for utilization by private users [14].

In this study, the road data and repair cost performance dataset by the Ministry of Land, Infrastructure and 

Transport's “Road Bridge and Tunnel Status Information System” and “Road Statistics and Maintenance 

Information System” were used for analysis.

Estimation of Environmental Impact Prediction Model for Bridge Maintenance

Because bridge maintenance is performed by selecting a method after diagnosis, it is difficult to predict the 

maintenance of the bridge accurately before maintenance becomes necessary. However, bridge maintenance 

datasets can be used to analyze historical data, such as bridge maintenance cost, performance method, maintenance 

site, and unit cost, to build a life cycle prediction model for new bridges. The methodology of the environmental 

impact prediction model for bridge maintenance is shown in Figure 1.

Figure 1. Methodology of environmental impact prediction model for bridge maintenance.
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Estimation of Frequency by Maintenance Method Using Data Mining

In this study, the frequency of each construction method in the maintenance phase of the bridge was calculated by 

using the data from the Korea Highway Corporation road bridge maintenance dataset. The dataset consists of a total 

of 215, 270 maintenance performance data elements collected on highway bridges and contains information 

regarding the parts that were used and methods that were performed. As a result of refining the dataset by removing 

the missing data, the valid data elements were total 137, 292.

The data from the bridge repair performance datasets were classified according to the maintenance method and 

categorized into three types: repair, replacement, and reinforcement. The maintenance method differs depending on 

the damaged part of the bridge and the degree of damage, which affects the frequency of maintenance and input 

material used in the maintenance. The frequency of maintenance method usage based on the bridge maintenance 

data is shown in Table 1, and the ratio of each maintenance method is shown in Figure 2.

Table 1. Frequency of maintenance methods

　

Classification
Total

Repair Replacement Reinforcement

Frequency 123,842 12,470 980 137,292 

Ratio (%) 90.20% 9.08% 0.71% 100.00%

Figure 2. Ratio of each maintenance methods.

The major repair methods considered were painting repair, crack repair, section repair, and asphalt repair. In 

particular, the frequency of paint repair and crack repair was high. This means that the frequency of repairing 
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relatively minor defects in bridge repair is higher than the frequency of repairs that preserve structural durability, 

such as cross-sectional repair. In the case of replacement, shoe and expansion joints were considered as major 

replacement sites. Particularly, expansion joints showed that the monocells were replaced with the highest 

frequency among the various types of joint replacement. Representative methods for bridge reinforcement were 

steel plate bonding and block reinforcement. In particular, the frequency of the steel plate bonding method was the 

highest in bridge reinforcement. Table 2 shows the results of analyzing the frequency of each maintenance method 

using the road bridge maintenance dataset.

Table 2. Analyzed frequency of maintenance methods

　

Classification

TotalRepair Replacement Reinforcement

Paint Crack Section Asphalt Shoe Expansion joint Steel plate Block

Frequency 75,075 32,058 8,117 8,592 6,062 6,408 921 59 137,292 

Ratio (%) 54.68 23.35 5.91 6.26 4.42 4.67 0.67 0.04 100.00

Figure 3 shows the ratio of each maintenance method performed during the data collection period, which can be 

used to predict the performance frequency of each method for maintenance during the life cycle of a bridge.

Figure 3. Ratio of maintenance methods performed.
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Annual Maintenance Calculation of Bridge

In this study, the maintenance costs of bridge structures were collected and analyzed based on the “Road Statistics 

and Maintenance Information System” dataset. The data from 1977 to 1985, when the total length of the bridge was 

omitted, and the data from 2012, when the cost was missing, were excluded; the remaining dataset was refined.

Maintenance costs are amounts that have been set for each year and must be converted to their present value. As 

a method of converting the present value, the producer price index (PPI) of the National Statistical Office (2010) 

was examined. The present value conversion equation model is shown in (1). In this study, the annual maintenance 

cost converted to the 2017 standard was calculated through the equation.

  × (1)

 : Standard year converted value (won)

 : Year value (won)

 : Producer Price Index

Meanwhile, to calculate the unit price per unit area for each construction method, the Korea Institute of Applied 

Statistics (KORIS) 2017 price distribution data were used [15]. The total unit cost per unit area of the maintenance 

work was calculated by applying the weighting factor based on the frequency of the maintenance method to the 

unit price of each method. The equation model for calculating the unit price per unit area of maintenance work is 

shown in (2).

 
  



 (2)

 : Unit price per unit area of maintenance work (won/m2)

Ci : Unit price per unit area by maintenance method (won/m2)

ri : Weighting factor (Frequency ratio of maintenance method)

n : Maintenance method type

The unit price per unit area of maintenance work is an estimate of the amount incurred when maintenance work 

corresponding to an area of 1° m2 is performed. Through this, the estimated total area for annual maintenance was 

calculated. The average width of the bridges was calculated by using the standard road map of the Korea 

Expressway Corporation. The average width of the bridges was 19.8° m.

The ratio of the maintenance area to the total area of the bridge calculated as Table 3 is a value that predicts the ratio 

of the maintenance area to the total area of the bridge over 1 year. An average maintenance rate of 3.36% was calculated.
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Table 3. Ratio of maintenance area to total bridge area

Year

Total maintenance 

cost of 2017

(million won)

Total road bridge 

extension

(km)

Total road bridge area

(m2)

Annual maintenance 

area (m2)

Ratio of maintenance 

area to total bridge 

area (%)

1986 24,764 496 9,820,820 133,291 1.36%

1987 29,584 514 10,178,487 159,234 1.56%

1988 30,995 535 10,584,823 166,828 1.58%

1989 30,555 556 11,002,622 164,458 1.49%

1990 54,613 598 11,840,499 293,952 2.48%

ㆍ

ㆍ

ㆍ

2013 244,774 2,852 56,459,700 1,317,481 2.33%

2014 274,171 2,950 58,411,980 1,475,704 2.53%

2015 360,870 3,077 60,932,520 1,942,355 3.19%

2016 364,713 3,244 64,227,240 1,963,041 3.06%

2017 356,798 3,382 66,953,700 1,920,439 2.87%

Investigation of input materials by bridge maintenance method

To calculate the environmental impact of maintenance work in the maintenance phase of bridges, an examination 

of input materials used for each construction method is required. In this study, the representative materials 

introduced by each method were considered, as shown in Table 4, based on the price distribution for each method.

Table 4. Representative materials by maintenance method

Classification Maintenance method Main input materials

Repair

Paint Inorganic paints

Crack
Epoxy elastic injection material

Putty

Section

Rust prevention

Mortar

Waterproofing

Asphalt Asphalt

Replacement

Shoe Shoe

Expansion joint

Joints such as monocells

Rebar

Non-shrink concrete

Reinforcement
Steel plate Structural steel plate

Block Concrete block
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Because the quantity of materials input per unit area of maintenance depends on the frequency adopted in the 

construction method, it should be calculated by applying the weight according to the frequency of each construction 

method as in the process used to obtain the unit price per unit area of maintenance construction.

Equation Model for Environmental Impact Calculation of Bridge Maintenance and 

Result 

The environmental impact of maintenance over the life cycle of a bridge can be estimated by calculating the 

average annual environmental impact value. In this study, the model for the annual average environmental impact 

of bridge maintenance is derived as in (3).

×
  




 



 (3)

I : Environmental impact (/year)

A : Bridge area (m2)

R : Maintenance area ratio (%)

Cj : Emission coefficient by material (/unitㆍyear)

Qi,j : Input material quantity (unit)

ri : Weighting factor (Frequency ratio by maintenance method)

n : Type of maintenance method

m : Type of input material

In equation (3), the value of the life cycle inventory database (LCI DB) established for each country (coefficient 

C) should be applied, and the remaining values should be applied by using the bridge maintenance database for each 

country. In this study, the global warming environmental impact due to the maintenance per unit area of bridge was 

calculated by analyzing the road bridge data and LCI DB emission coefficient data for Korea.

Based on road bridge maintenance data from Korea, the global warming impact of bridge maintenance was 2.71 

kg CO2-eq/yearㆍm2, as shown in Table 5, which is a prediction of the global warming effect that occurs over 1 year 

for 1° m2 of bridge in Korea.

In addition, environmental impact values, such as resource consumption, ozone layer effect, acidification, 

eutrophication, and photochemical oxide generation, were calculated by changing the emission coefficient from the 

model equation suggested in this study, shown in Table 6. These results are meaningful enabling the prediction of 

the environmental impacts that occur during the life cycle of a bridge before the occurrence of maintenance events.
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Table 5. Estimated global warming impact of bridge maintenance in Korea

Maintenance method A (m2) R (%)
 
  




 





(
/year)

I 

(
/yearㆍm2)

Repair

Paint 1 3.36 1.38E-01 4.63E-03

Crack 1 3.36 8.41E-01 2.83E-02

Section 1 3.36 7.37E+00 2.48E-01

Asphalt 1 3.36 9.36E+00 3.14E-01

Replacement
Shoe 1 3.36 6.04E+01 2.03E+00

Expansion joint 1 3.36 2.30E+00 7.71E-02

Reinforcement
Steel plate 1 3.36 2.70E-01 9.08E-03

Block 1 3.36 9.74E-03 3.27E-04

Total 2.71E+00

Table 6. Estimated environmental impacts of bridge maintenance in Korea

Maintenance 

method

GWP AP EP ODP POCP ADP

kg-CO2eq

/yearㆍm2

kg-SO2eq

/yearㆍm2

kg-PO4

3-eq

/yearㆍm2

kg-CFC-11eq

/yearㆍm2

kg-Ethyleneeq

/yearㆍm2 kg/yearㆍm2

Repair

Paint 4.63E-03 2.96E-05 3.88E-06 1.05E-10 1.55E-06 5.60E-05

Crack 2.83E-02 2.70E-04 4.42E-05 1.94E-09 2.98E-05 4.07E-04

Section 2.48E-01 4.44E-04 6.11E-05 7.63E-09 7.04E-05 6.97E-04

Asphalt 3.14E-01 5.55E-04 1.03E-04 4.20E-09 2.52E-04 2.12E-03

Replacement
Shoe 2.03E+00 4.81E-02 3.19E-03 1.38E-08 6.36E-03 2.09E-01

Expansion joint 7.71E-02 1.60E-04 1.72E-05 4.16E-09 2.14E-04 3.30E-04

Reinforcement
Steel plate 9.08E-03 2.98E-05 3.75E-06 5.88E-10 3.06E-05 1.05E-04

Block 3.27E-04 4.16E-07 6.02E-08 1.25E-11 3.49E-08 3.89E-07

Total 2.71E+00 4.96E-02 3.43E-03 3.24E-08 6.96E-03 2.13E-01

Discussion

For bridge maintenance, data collected through the BMS in various regions, such as the US and Europe, can 

reveal meaningful maintenance information. Therefore, to derive an accurate equation model describing the bridge 

environmental impact, detailed management of bridge maintenance data is required.

In this study, the years of service of bridges, which may affect the maintenance performance of bridges were 

excluded from consideration; however, it is necessary to explore the relation between the maintenance effect and 

years of service of bridges. Actual bridge maintenance events can be caused by a number of variables; thus, it is 

difficult to consider them all. However, while many studies are conducted after the maintenance event of the 

structure, such as those performing the monitoring of bridges [16-18], this study uses past bridge maintenance 

information to predict the maintenance event before it occurs. This is a meaningful way to present 

prediction-making, allowing us to consider how to handle maintenance events in advance while simultaneously 
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ensure the durability and eco-friendliness of the bridge.

This study evaluates the bridge environmental impact from the LCA perspective through the environmental 

impact calculation model proposed in this study. Furthermore, development of this study should continue to secure 

bridge durability and economic efficiency by establishing a bridge asset management system integrated with the 

life cycle cost (LCC) perspective.

Conclusion

In this study, we proposed a method for calculating the environmental impact of bridge maintenance through 

LCA. The frequency of major maintenance and the ratio of the maintenance area to the total area of   bridges were 

calculated using bridge statistics and bridge maintenance datasets, and the input materials for each maintenance 

method were classified. Consequently, we proposed a model equation that predicts the environmental impact of 

bridge maintenance using the analyzed values, and calculated the environmental impact of the annual maintenance 

of Korean road bridges by applying the calculated values   to the model equation.

By analyzing the dataset, maintenance methods were classified into maintenance, replacement, and 

reinforcement. A total of eight methods were selected as a result of extracting the major methods included in each 

method. The frequency of each method was analyzed from the dataset, and the ratio of the area in which the bridge 

maintenance was performed to the total area of   the road bridges was calculated and used as a weighting factor in 

calculating the environmental impact.

The main input materials for each classified maintenance method were investigated, and a model equation was 

proposed that predicts the environmental impact of bridge maintenance by applying the quantity of main input 

materials and the weighting factor calculated through data mining and the environmental impact coefficient Life 

Cycle Inventory (LCI DB). The average annual environmental impact of Korean road bridge maintenance was 

calculated by reflecting the results analyzed through the maintenance datasets of the Korean road bridges.

As we can learn what will happen in the future by studying the information from the past, the equation model 

proposed in this study is meaningful because it can help us predict the environmental impact that will occur during 

the life cycle of the bridge before the maintenance events actually occur. It is expected to be used to secure 

durability and eco-friendliness at the planning and design stage of bridges.
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