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The maintenance cost of bridges is huge in every country e. g. in the USA it is (approx.) 41.8 G$. This causes
a 6.2 % GHG emission rise annually. Reducing and minimizing cost, GHG level and CO, pollution is a key factor
and a major goal for sustainability. This study presents a comparative life cycle assessment (LCA) of bridges
with different support systems and construction technologies but with the same span and location. LCA
considers regular and irregular bridge maintenance as well having a great influence on the need and timing for
major maintenance or restoration in every 25 to 30 y. Regular maintenance means every 1 - 5 and 10 - y minor
maintenance works take place. The analysis is based on primary data collected in Hungary examining fully
constructed bridges. For the LCA, the cost of maintenance over a 100 y timespan is based on NIF regulations,
the total rate of CO, pollution and the EF (Ecological Footprint, Gha) level is used (Long et al., 2020;). In practice
the maintenance of the bridges take place occasionally when the damage on the bridges are already visible and
cannot be postponed based on the in - depth interviews with experts. It is assumed that the cost, EF and CO,
pollution of the regular maintenance over the examined timespan is less compared to results of the irregular life
cycle model. Based on the case study presented, it can be concluded that the cost of LCA for regular bridge
maintenance is 637,348.32 (k€) and for irregular bridge maintenance it is 994,415.12 (k€). The CO, pollution
for regular bridge maintenance is 12,948.24 (kt) and for irregular bridge maintenance is 13,876.86 (kt). The EF
pollution for regular bridge maintenance is 3,237.06 (kGha) and for irregular bridge maintenance it is 3,469.22
(kGha). Considering the long - term sustainability aspects, it is recommended that the maintenance should be
a regular and a controlled activity. It is vital to draw the attention of the decision makers, the legislators of the
businesses, the maintenance operators, and the inspectors to these sustainability aspects.

1. Introduction

Bridge maintenance is a key factor in maintaining continuous transportation. It "is an essential social
infrastructure for daily life" (Ishibashi et al., 2020). However, continuous maintenance is needed to achieve
continuous and good quality operation. In recent years, several accidents, including fatalities, have occurred
worldwide due to neglect of continuous maintenance, for example in 2018 a bridge collapsed during a heavy
rainstorm in Genoa killing 43 people (American Scientist, 2018). Prolonged maintenance, or possibly rebuilding
of bridges due to lack of ongoing maintenance has a number of additional negative factors, e.g. increased
transport cost, negative social impacts, increased CO,, and GHG emissions (Fozer et al., 2020). In 2015, the
UN adopted the Sustainable Development Goals (SDGs), which set 17 targets for 2030: “By 2030, upgrade
infrastructure and retrofit industries to make them sustainable, with increased resource - use efficiency and
greater adoption of clean and environmentally sound technologies and industrial processes, with all countries
taking action in accordance with their respective capabilities” (UNDP, Sustainable Development Goals, 2015).
Global targets in the document require infrastructure (Martek et al., 2019) planning to be sustainable until 2030.
Several studies investigate sustainability analysis of different infrastructures, such as construction (Huang et al.,
2020), retaining walls (Balasbaneh and Marsono, 2020), road pavements (Santos et al., 2017) and buildings
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(Sanchez - Garrido and Yepes, 2020). In recent years, however, there has been an increasing focus on
sustainability studies of bridges. Not only because bridges are the most important elements of transport
infrastructure (Garcia - Segura et al., 2017) but are also recognized as the largest emitters of CO, (Wang et al.,
2021). Studies have been carried out on sustainability of bridges in several dimensions: reducing economic
impact during the construction of bridges (Penadés - Pla et al., 2020), optimizing the cost associated with the
maintenance of bridges (Sabatino et al., 2016;) maintenance strategy (Navarro et al., 2018).

2. Literature of Life Cycle Cost Analysis

Bridges represent an essential element of public transport infrastructure. According to the American Road &
Transportation Builders Association (ARTBA) Bridge Condition Report 2021, 36 % of the 220,000 bridges in the
US need to be improved, with 79,500 in need of replacement. As an illustration of the severity of the problem,
45,000 bridges are in poor condition, which at the current rate would take 40 ys and would cost 41.8 G$ to
maintain. Motorists cross these poor bridges 171.5 M times/d. In Japan, out of the 400,000 highway bridges, 18
% are over 50 y old and 43 % are 43 y old or older. In China the bridges in use (658,100) are in a deteriorated
state, but their maintenance needs exceed their capabilities. In Korea, the number of bridges is expected to
increase to 11,000 by 2022, with a parallel surge in the number of bridges over 30 ys old. Overall, bridge
maintenance requires clearly defined performance criteria, structural assessment standards and maintenance
procedures (Jeong et al., 2018). Bridges can be maintained in regular or irregular ways. Regular bridge
maintenance is the most sustainable. In regular maintenance, minor maintenance works are carried out every
1-5and 10y, and major maintenances every 25 - 30 y. Nevertheless, the statistics presented above suggest
that bridge maintenance practices are irregular worldwide. This leads to greater environmental impacts and
greater social disadvantages. Consequently, sustainability issues are neglected. In this paper a case study is
presented. The real bridge data in the case study is from Hungary. The aim is to perform a comparative analysis
of the cost and environmental impacts of regular and irregular bridge maintenance. Two types of maintenance
behavior were examined: (i) cost and emissions of regular bridge maintenance, (ii) cost and emissions of
irregular maintenance. Before starting maintenance work on bridges, their conditioning has to be determined.
In Austria, a 5 - step scale applies: (1) Very good (No maintenance measures required), (2) Good (Corrections
recommended) (3) Satisfactory (Maintenance should take place in the mid - term), (4) Faulty (Maintenance
interventions can be substituted by another assessment/special assessment), (5) Bad Repair/renewal works
should be initiated immediately (Stipanovic et al., 2017). The difficulty is to assess the real condition of the
bridges. Hiithwohl et al. (2011) have shown that manual bridge inspection can be subjective and incomplete,
and that there is a growing need to automate existing systems. LCC analysis means comparing different
investment alternatives, calculating the total cost, preferably over the whole lifespan (T6th and Suta, 2021). The
guideline for defining LCA methodology ISO 14040:2006 (Environmental management, Life cycle assessment,
Principles, and framework). LCC is defined as the attempt to consider all costs over a lifetime, but there are
significant differences in the literature on the calculation methods. The following factors are considered in
relation to infrastructure LCC: agency cost, user cost, society, and environmental cost (Chandler, 2004). The
U.S. Department of Transportation takes a holistic approach, “All of the relevant cost that occur throughout the
life of an alternative, not simply the original expenditures, are included. Also, the effects of the agency’s
construction and maintenance activities on users, as well as the direct cost to the agency, are accounted for.”
(U.S. Department of Transportation, 2002). LCCA consists of five steps: (i) Establish design alternatives (ii)
Determine activity timing (iii). Estimate cost (iv). Compute life - cycle cost. The objective is to calculate the total
LCCs for each alternative so that they may be directly compared. However, since the present value of dollars
spent at different times is different, expected future cost were converted to present value. (v). Analyze the
results. The comparison is made by considering agent and user cost. Agency cost incurred by the bridge owner
throughout the lifetime of the bridge: design and construction cost, maintenance cost, end of life cos, user cost
includes the financial impact of maintenance activities or cost resulting from increased road accidents. Society
cost: third party cost, cost incurred by surrounding businesses and environmental cost (Murphy, 2013). The
literature review realized the gap of regular and irregular maintenance cost and environmental impact.

3. Material and Methods

The present study is processing data from a two-pillar bridge built in Hungary, above motorway M85, raw
material is concrete and carbon steel, it was built in 2020 (Figure 1). During the primary research (Table 1), the
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steps necessary for the construction and maintenance of the bridge were agreed upon by a working group with
the experts of the company that commissioned the construction of the bridge The data coordination based on
the database of the TERC Commercial and Service Provider Ltd. and the National Infrastructure Development
Ltd. Following the data collection, the expert group, included academics (Borsos and Szép, 2021) defining the
steps for regular and irregular bridge rehabilitation over 100 y. In every 1st, 5th, 10th and 30th y, the bridge
maintenance is a must. During the irregular bridge maintenance, we expected a complete maintenance every
20y. The differences between regular and irregular maintenance ys cycle are detailed in the second table (Table
2). In addition to the cost analysis, we also cover CO2 emissions and the extent of the EF (Gha) load. Our
calculations are based on: (1) Bridge production cost, (2) The cost of maintenance, (3) CO2 emissions during
production and maintenance, (4) EF (Gha) emissions during production and maintenance (Yang et al., 2020).
In the case of the cost analysis, including the inflation rate (6 %), we present the future value. In the case of
irregular bridge maintenances, based on expert experience, it can be said that preventive maintenance is
lacking, only significant, large - scale maintenances are carried out. Major maintenance concerns the whole
bridge, so the overall maintenance in this case should be carried out every 20 y instead of every 30 y.

Figure 1: Case study for construction and maintenance of the motorway bridge in Hungary

The second table (Table 2) shows the cost, CO, and EF pollution of regular (a) and irregular (b) bridge
construction and maintenance calculated over a 100 vy life cycle. The cost of LCA is for regular bridge
maintenance 637,348.32 (k€) and for irregular bridge maintenance is 994,415.12 (k€). The CO, pollution for
regular bridge maintenance is 12,948.24 (kt) and for irregular bridge maintenance it is 13,876.86 (kt).

Table 2: Maintenance cost, CO, and EF pollution (a) calculation of regular maintenance (b) calculation of
irregular maintenance

y Cost Co, EF y Cost CO, EF
(k€) (kt) (kGha) (k€) (kt)  (kGha)
1-30 12,385.94  3,237.06 809.27 1-20 6,488.04  2,775.37  693.84
21-40 20,808.03  2,775.37 693.84

31-60 71,138.54 3,237.06 809.27
41 -60 66,734.17 277537 693.84
61-90 408,583.57  3,237.06 809.27 61-80 214,025.54 277537  693.84
91-100 145,240.27 3,237.06 809.27 81-100 686,359.34 2,775.37 693.84
SUM 637,348.32 12,948.24  3,237.06 SUM 994,41512  13,876.86 3,469.22

(@) (b)
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The EF pollution for regular bridge maintenance is 3,237.06 (kGha) and for irregular bridge maintenance it is
3,469.22 (kGha). It is established that all three indicators have lower values for regulated bridge maintenances
than for irregular ones. It is conceivable that for professionals, a regulated bridge maintenance may seem more
costly than an irregular one at first. If the life cycle of a bridge (100 y) is considered, it can be concluded that the
regular bridge maintenance is significantly more cost - effective and has a lower environmental impact, than the
irregular one.

4. Conclusions

Maintenance of bridges is a major challenge worldwide in terms of both cost pollution and sustainable
development. Bridges are most often maintained in an irregular way, with significant cost and pollution.
Designing and renovating bridges, the primary goal is to reduce costs. This is also true for material selection,
construction, and maintenance. Environmental and sustainability considerations are often not important and
have no decision-making value. The study describes the data for a specific bridge which was built in Hungary,
along the motorway M85, in 2020. Based on the case study presented, it can be concluded that the cost of LCA
for regular bridge maintenance is 637,348.32 (k€) and for irregular bridge maintenance it is 994,415.12 (k€).
The CO; pollution for regular bridge maintenance is 12,948.24 (kt) and for irregular bridge maintenance it is
13,876.86 (kt). The EF pollution for regular bridge maintenance is 3,237.06 (kGha) and for irregular bridge
maintenance it is 3,469.22 (kGha). This study draws attention to the fact that irregular bridge renovation has
significantly higher cost and environmental impact in the long run. After the bridges are constructed, the experts
should plan the process of regular bridge renovation. This approach contributes greatly to sustainable
development.
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