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Abstract

Achieving sustainability in infrastructure requires a new design approach and implies an
improvement of the standardized materials commonly used for the design and construction
of structures. Environmental impact, which together with economic and social aspects is
one of the three fundamental pillars of a holistically integrated definition of sustainability, is
becoming an important factor in the requirements for designing sustainable structures. This
paper gives a short summary of a research into state-of-the-art of life cycle sustainability
assessment (LCSA) and their application to bridges, highlighting the phases of the life cycle
and the methods employed. Considering that reinforced concrete is one of the most used
materials for load-bearing elements of bridges and has a large application potential for all
types and lengths of bridges, improving its sustainability is an important task. In that con-
text, different types of concrete for structural use and the possible aspects of improving the
sustainability of concrete mixes are discussed, including the “green” concrete.
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1 Introduction

Over the past decade, numerous political decisions and guidelines have pursued the goal
of implementing the principles of sustainable development in all areas of society and the
economy. Thus, the European Green Deal [1] aims to achieve the sustainability of the Euro-
pean Union’s economy through the transition to a climate-neutral, environmentally sustain-
able and circular economy by 2050, and the goal of making Europe the first climate-neutral
continent by 2050. The construction sector is one of the areas most responsible for the large
amount of natural resources used [2], energy consumption and emissions into the atmos-
phere. The implementation of sustainable approaches in the construction sector is one of
the most important sustainability goals.

2 Life cycle sustainability assessment (LCSA) methodology

2.1 Life cycle stages of civil engineering works and LCSA methods

Bridges have a long lifecycle and are subject to various new and more demanding require-
ments than those for which they were originally designed. The stages of the life cycle of
civil engineering works are defined in HRN EN 17472:2022 [3]. Accordingly, the life cycle is

divided into the following stages: AO - pre-construction stage in terms of land and fees, A1-
A3 material production stage, A4-A5 construction process stage, B1-B8 utilization stage and
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the end-of-life stage C1-C4. It is generally recognized that sustainability is based on the es-
tablishment of a balance between 3 main pillars, namely the ecological, the economic and
the social. The methods developed to access each of the three pillars of the LCSA framework
are Life cycle assessment (LCA), Life cycle cost (LCC) and (Social — Life cycle analysis) S-LCA.
Based on a literature review, the paper [4] presents the current state of the art of LCSA and
emphasizes that the mostimportant point for a more reliable LCSA methodology is its harmo-
nization, which allows comparability between studies.

2.2 Life cycle assessment - LCA

The LCA assesses the impact of a product, process or system on the environment during its life
cycle. The LCA method is the most developed of the other two methods and has been the most
widely used and studied in the last decade. The LCA is standardized in HRN EN ISO 14040:2008
[5] and HRN EN ISO 14044:2008+A1:2018+A2:2020 [6]. According to these standards, the LCA
is not a sector-oriented assessment method, but provides general guidelines and assessment
steps. A brief overview, description and discussion of LCA according to these standards can
be found in the paper [7]. LCA consists of four phases: Goal and Scope definition, Life Cycle
Inventory Analysis (LCI), Life Cycle Impact Assessment (LCIA) and Interpretation. For LCI data,
there are many databases that contain information on consumed resources and substances
released into the environment during the life cycle of a product, process or system. In the LCIA
phase, there are mid-point and end-point LCIA methods. The midpoint approach indicates the
process or component with the highest contribution in the impact category, while the endpoint
approach can provide an overall assessment of the bridge to the environment in terms of dam-
age. In the Recipe [8] LCIA methodology, the endpoints of protection are damage to human
health, damage to the ecosystem and damage to resource availability.

2.3 Life cycle cost - LCC

The aim of LCCiis to find a long-term cost-efficient solution that takes into account a holistic,
integrated methodology and evaluates all costs during the life cycle of the bridge. Paper [9]
presents an overview a state-of-the-art of LCC analyses for concrete structures. During the
long service life of bridges, LCC analyses are often carried out on the basis of net present val-
ue, where the discount rate plays an important role. In the life cycle of bridges, a distinction
is made between agency costs and user costs. Agency costs include the costs of construc-
tion, maintenance, repairs during the use stage and demolition costs. User costs include
the costs of travel delays, vehicle operating costs and accident costs. Due to the long ser-
vice life of bridges, construction costs are often comparable to maintenance costs. Reduced
maintenance reduces costs and emissions during the maintenance phase as well as traffic
disruption and additional user costs due to congestion, overcrowding and longer detours.

2.4 Social-Life cycle analysis - S-LCA

S-LCA assesses the positive and negative impacts that a specific product, process or system
has on society during its life cycle. A last version [10] of the guidelines for the implementation
of the S-LCA was published in December 2020. Revision of the Methodological Sheets for
Subcategories [11] in Social Life Cycle Assessment (S-LCA) were published in 2021. This docu-
ment contains 40 methodological sheets divided into 6 categories of stakeholders: Workers,
Local Communities, Value Chain Actors, Consumers, Society and Children. According to [12]
the positive and negative effects of the S-LCA depend on the local conditions and the organ-
ization in the company, so that the social effects of identical production processes may be
different in different regions.
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3 Sustainability of reinforced concrete bridges
3.1 Conventional concrete vs. “green” concrete mixtures

Concrete is one of the most widely used materials for bridges worldwide due to its favourable
mechanical properties and its robustness against exceptional weather conditions. However,
as a structural material, concrete has many problems in terms of its global sustainability per-
formance. The HRN EN 206:2021 [13] standard specifies the technical properties and other
requirements for concrete placed in a concrete structure. It specifies various requirements,
such as the permissible composition of the concrete and its proportions, the required prop-
erties of fresh and hardened concrete, the supply of fresh concrete, production control pro-
cedures, criteria and evaluation of conformity. In addition, the term k-value is defined, which
specifies the permissible proportion of mineral admixtures (fly ash, silica fume and ground
granulated blast furnace slag) in the components of the concrete mix. The challenge for the
concrete industry is to produce “green” concretes that are not inferior to conventional con-
cretes in terms of their mechanical properties, but have better sustainability performance.
According to [14] the results of the environmental impact of concrete have shown that ce-
ment makes the largest contribution to the LCA and is responsible for around 90% of the
environmental impact, followed by sand, gravel and admixtures. “Green” concrete is often
developed in one of two ways or a combination of both: Reducing the amount of cement
or reducing the use of natural aggregates. In the development of “green” concrete mixes,
the use of nus-products as a substitute for a certain amount of cement in the production
process is common. The use of natural aggregates is reduced by using recycled aggregates
as a substitute for natural aggregates in concrete production. The standard for concrete HRN
EN 206:2021 [13] Annex E and HRN EN 13369:2023 [15] for precast concrete products con-
tain recommendations for the use of coarse recycled aggregates in concrete. The article [16]
gives an overview of the LCA of concrete with recycled aggregates and highlights the existing
problems in the LCA analysis of recycled aggregate concrete (RAC). The article [17] emphasiz-
es the importance of using waste in the development and production of concrete mixes to
reduce disposal costs and environmental impact, as well as the utilization of nanoparticles
to obtain high-performance “green” concrete. The environmental impact of ultra-high perfor-
mance concrete (UHPC) is often influenced by its high cement content, which is more than
twice as high as that of normal strength concrete [18]. The paper [19] proposes a new “green”
UHPC in which the binders are improved by the addition of nanomaterials and chemical ac-
tivators, resulting in a “green” UHPC with low environmental impact and a very low cement
content. The study [20] compares conventional lightweight concrete (LWC) with LWC made by
replacing natural aggregates with recycled plastic waste and partially replacing Portland ce-
ment with fly ash (FA). The results show that “green” LWC has a lower environmental impact,
but a decrease in compressive strength was also observed, making the novel “green” LWC
suitable for non-structural applications only. According to article [21] the most sustainable
concretes have the highest compressive strength and the improved durability. Article also
highlights the importance of locally available materials and the importance of including per-
formance parameters in the LCA of concrete, such as strength and durability. The durability
of reinforced concrete is primarily determined by the possibility of aggressive substances
penetrating the concrete. When planning the durability of concrete structures, it is important
to ensure the intended service life. This is achieved when the exposure class and the con-
crete cover complies with HRN EN 1992-1-1[22] [23], the recommended quality of the concrete
complies with HRN EN 206:2021 [13] and the concrete is properly placed, compacted and
maintained in accordance with HRN EN 13670:2010 [24]. Studies have been carried out to de-
termine whether it is possible to increase the amount of supplementary cementing materials
(SCM) orrecycled aggregates beyond the established limits or to use types of ingredients not
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specified in the standards without compromising the quality of the concrete. In this way, the
concrete must be tested to ensure that it fulfils all the prescribed requirements in order to
be used for construction purposes. The comparison of such a new “green” and conventional
concrete in terms of sustainability performance raises many questions about the require-
ments to be met and the functional unit (FU) for their comparison.

3.2 Functional unit

The FU for comparing the environmental impacts of different materials for structural purpos-
es is not precisely defined in the established standards for conducting LCA analyses. The
uncertainties associated with defining the FU and studies conducted to compare “green”
concrete mixes with conventional mixes based on different FU are a key problem for the de-
velopment of the “green” concrete industry. Therefore, various examples of FU for comparing
different concrete mixes can be found in research papers. The article [25] gives an overview
of different comparative LCA of concrete mixtures and found the LCA studies which do not
consider the same range of compressive strength and service life, those which consider the
same range of compressive strength without considering equal service life, those that do not
consider the same range of compressive strength but consider equal service life, and those
with considering both the same range of strength and equal service life. In some papers, the
authors were familiar with the problem of defining a FU and compare concrete mixtures with
differently defined FU. The research paper [26] analysed 5 different concrete mixes, some
with added RAC or fly ash, and considered two scenarios. Scenario 1included only strength
requirements and FUwas 1m?, and scenario 2 included strength, serviceability and durability
requirements and for some concrete mixes FU was assumed to be 1.1 m>. Paper [27] present-
ed a FU for the comparative purpose of LCA of different concrete mixes so that service life do
not be ignored in the analysis and the FU is presented as the environmental impact of one
cubic meter of concrete per year. The authors [28] discuss the FU of LCA analyses for com-
parative purposes in the construction sector and give a recommendation for FU of reinforced
concrete and define it as: “1 m® of concrete normalized to the 28-day compressive strength
and the Reference Service Life, which must include the exposure class, the specific concrete
and the type and percentage of reinforcement”. In [29], two approaches for the function-
al equivalence of concrete structures with different concrete mixtures were discussed and
tested: Correction of the volume of the FU or normalization of the calculated environmental
impact with the compressive strength and service life when the FU has the same volume. The
article concludes that the approach of normalizing environmental impacts is not relevant in
practice and that the FU for a comparative analysis should be a structure as a whole [29].

3.3 Life cycle sustainability assessment of reinforced concrete bridges

Some studies have already been conducted and show different results based on material
level and case study level for sustainability performance. The paper [30] compares conven-
tional concrete (CC) with UHPC concrete at the material level and at the case study level and
concludes that UHPC has a higher environmental impact at the material level considering the
FU 1m?3, but at the case study level and when comparing two bridges (CC bridge and CC bridge
enhanced with UHP(), the variant of the bridge with the UHPC is a more environmentally
friendly solution. Additionally, paper [31] therefore examined the environmental impact of
two comparable bridges, one made of standard concrete and the other of high-performance
concrete (HPC). The results show that the HPC bridge is an environmentally friendly solution,
regardless of the environmental impact observed and the geographical context. The paper
also emphasises that increasing the mechanical strength of a concrete increases the envi-
ronmental impact per m?, but a smaller amount of concrete is needed for the same function.

PhD SECTION EXTENDED ABSTRACTS
8™ International Conference on Road and Rail Infrastructure - CETRA 2024



The article [32] compares two highway bridges over their life cycle, one made of conventional
concrete and one made of HPC with SCM, and concludes that the HPC bridge has a longer
service life, lower life cycle costs for the authorities and users and a lower environmental
impact.

4  Conclusion

Environmentally friendly design is a new challenge for civil engineers and bridge designers.
The analysis of new concrete mixes, so-called “green” concrete, is more frequently applied
in research at the material level, while research, especially comparative research based on
case studies, is less represented. Sustainable concrete for a structural application must fulfil
the parameters of durability, load-bearing capacity, serviceability and sustainability perfor-
mance indicators and be considered from a life cycle perspective. In addition to the above
parameters, the problem of defining the appropriate FU for comparison purposes is a key
issue in the research community. Furthermore, in LCSA analysis of bridges there are a very
large number of indicators, many of which are specific to a particular bridge case study such
as the distance of the concrete plant from the construction site, any transportation distanc-
es associated with the required concrete components, the number of average vehicles per
day, the purpose of the bridge and accordingly the associated loads, the exposure classes
associated with durability issues and other specific local conditions. “Green” concrete for
structural applications needs to be evaluated from a life cycle perspective, taking into ac-
count any related specific case study indicators and sustainability performance issues for
the intended function in use. Future research will be based on investigating application of
different “green” concrete mixtures at case study level compared to conventional concrete
mixtures and identifying possible trade-offs between different mixtures through the LCSA
method based on observed cases.

References

[1] The European Green Deal, COM (2019) 640 final

[2] Benachio, G.L.F., Duarte Freitas, M.C., Tavares, S.F.: Circular economy in the construction’9UZ8 in-
dustry: A systematic literature review, Journal of Cleaner Production 260 (2020) 121046, pp. 1-17,
DOI: 10.1016/j.jclepro.2020.121046

[3] HRN EN 17472:2022, Odrzivost gradevina — Ocjenjivanje odrZivosti inZenjerskih gradevina — Metode
proracuna (EN 17472:2022), Sustainability of construction works — Sustainability assessment of civil
engineering works — calculation methods

[4] Costa, D., Quinteiro, P., Dias, A.C.: A systematic review of life cycle sustainability assessment: Cur-
rent state, methodological challenges, and implementation issues, Science of the Total Environ-
ment, 686 (2019), pp. 774-787, DOI: 10.1016/].scitotenv.2019.05.435

[5] HRNENISO 14040:2008, Upravljanje okolisem — Procjena Zivotnog ciklusa (LCA) Nacela i okvir rada
(1ISO 14040:2006; EN ISO 14040:2006), Environmental management — Life cycle assessment — Prin-
ciples and framework

[6] HRN EN ISO 14044:2008 + A1:2018 + A2:2020: Upravljanje okoliSem — Procjena Zivotnog ciklu-
sa (LCA) - Zahtjevi i smjernice (1ISO 14044:2006+Amd 1:2017+Amd 2:2020; EN ISO 14044:2006+
A1:2018+A2:2020), Environmental management — Life cycle assessment — Requirements and guide-
lines

[7]1 Soukka, R., Vdisdnen, S., Gronman, K., et. al.: Life Cycle Assessment, Encyclopedia of Sustainable
Management, (2020), pp.1-10, DOI: 10.1007/978-3-030-02006-4_623-1

[8] Huijbregts, M.A.]., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M.D.M., Holland-
er, A., Zijp, M., van Zelm, R.: ReCiPe 2016 v1.1 A harmonized life cycle impact assessment method at,
midpointand end point level, Report |: Characterization, RIVM Report 2016-0104a, National Institute
for Public Health and the Environment, 2017.

PhD SECTION EXTENDED ABSTRACTS
8™ International Conference on Road and Rail Infrastructure - CETRA 2024

1225



1226

[9] Matos, )., Solgaard, A., Linneberg, P., Sanchez Silva, M., et al.: Life Cycle Cost Management of Con-
crete Structures, IABSE Conference 2018 — Engineering the Past, to Meet the Needs of the Future,
Copenhagen, Denmark, 25-27 June 2018.

[10] UNEP, Guidelines for S-LCA of Products and Organizations, United Nations Environment Programme
(UNEP), 2020.

[11] UNEP, Methodological Sheets for Subcategories in S-LCA, United Nations Environment Programme
(UNEP), 2021.

[12] Backes, J.G., Traverso, M.: Application of Life Cycle Sustainability Assessment in the Construction
Sector: A Systematic Literature Review, Processes, 9 (2021), 1248, pp. 1-31, DOI: 10.3390/pr9071248

[13] HRN EN 206:2021 Beton — Specifikacija, svojstva, proizvodnja i sukladnost (EN 206:2013+A2:2021),
Concrete — Specification, performance, production and conformity (EN 206:2013+A2:2021)

[14] Mostafaei, H., Badarloo, B., Chamasemani, N.F. et al.: Investigating the Effects of Concrete Mix De-
sign on the Environmental Impacts of Reinforced Concrete Structures, Buildings, 13 (2023), 1313,
pp.1-14, DOI:10.3390/ buildings13051313

[15] HRN EN 13369:2023 Opca pravila za predgotovljene betonske elemente (EN 13369:2023), Common
rules for precast concrete products (EN 13369:2023)

[16] Zhang, Y., Luo, W., Wang, )., Wang, Y., Xu, Y., Xiao J.: A review of life cycle assessment of recycled
aggregate concrete, Construction and Building Materials, 209 (2019), pp. 115-125, DOI: 10.1016/].
conbuildmat.2019.03.078

[17] Vishwakarma, V., Ramachandran, D.: Green Concrete mix using solid waste and nanoparticles as
alternatives — A review, Construction and Building Materials, 162 (2018), pp. 96—103, DOI: 10.1016/].
conbuildmat.2017.11.174

[18] Randl, N., Steiner, T., Ofner, S., Baumgartner, E., Mészoly, T.: Development of UHPC mixtures from
an ecological point of view, Construction and Building Materials, 67 (2014), pp. 373-378, DOI:
10.1016/j.conbuildmat.2013.12.102

[19] Shi, Y., Long, G., Zeng, X., Xie, Y., Wang, H.: Green ultra-high performance concrete with very low
cement content, Construction and Building Materials, 303 (2021) 124482, pp.1-11, DOI: 10.1016/].
conbuildmat.2021.124482

[20]Ersan, Y.C., Gulcimen, S., Imis, T.N., et. al.: Life cycle assessment of lightweight concrete containing
recycled plastics and fly ash, European Journal of Environmental and Civil Engineering (2020), pp.1-
14, DOI: 10.1080/19648189.2020.1767216

[21] Cordoba, G., Barquero, M., Bonavetti, V., Irassar, E.F.: Sustainability of concretes with binary and
ternary blended cements considering performance parameters, Cement, 13 (2023) 100077, pp.1-11,
DOI: 10.1016/j.cement.2023.100077

[22] HRN EN 1992-1-1:2023 Eurokod 2 -- Projektiranje betonskih konstrukcija -- Dio 1-1: Op¢a pravila i
pravila za zgrade, mostove i gradevinske konstrukcije (EN 1992-1- 1:2023), Eurocode 2 -- Design of
concrete structures — Part 1-1: General rules and rules for buildings, bridges and civil engineering
structures (EN 1992-1-1:2023)

[23] HRN EN 1992-1-1:2013+A1:2015+NA:2015 Eurokod 2: Projektiranje betonskih konstrukcija — Dio 1-1:
Opca pravila i pravila za zgrade + A1+ NA, Eurocode 2: Design of concrete structures -- Part 1-1: Gen-
eral rules and rules for buildings + A1+ NA

[24]HRN EN 13670:2010 Izvedba betonskih konstrukcija (EN 13670:2009), Execution of concrete struc-
tures (EN 13670:2009)

[25] Habibi, A., Tavakolib, H., Esmaeili, A., Golzary, A.: Comparative life cycle assessment (LCA) of con-
crete mixtures: a critical review, European Journal ofEnvironmental and Civil engineering, 27 (2022),
pp.1-19, DOI:10.1080/19648189.2022.2078885

[26] Marinkovié, S., Dragas, )., Ignjatovié, I., ToSi¢, N.: Environmental assessment of green concretes
for structural use, Journal of Cleaner Production, 154 (2017), pp. 633-649, DOI: 10.1016/].jcle-
pro.2017.04.015

PhD SECTION EXTENDED ABSTRACTS
8™ International Conference on Road and Rail Infrastructure - CETRA 2024



[27]Habibi, A., Bamshad, O., Golzary, A., Buswell, R., Osmani, M.: Biases in life cycle assessment of
circular concrete, Renewable and Sustainable Energy Reviews, 192 (2024) 114237, pp. 1-12, DOI:
10.1016/].rser.2023.114237

[28]Backes, J.G., Hinkle-Johnson, R., Traverso, M.: The influence of the Functional Unit on the compa-
rability of life cycle assessments in the construction sector: A Systematic Literature Review and
attempt at unification for Reinforced Concrete, Case Studies in Construction Materials, 18 (2023)
€01966, pp.1-12, DOI: 10.1016/j.cscm.2023.e01966

[29] Marinkovié, S., Carevié, V., Dragas, ).: The role of service life in Life Cycle Assessment of concrete struc-
tures, Journal of Cleaner Production, 290 (2021) 125610, pp.1-15, DOI: 10.1016/].jclepro.2020.125610

[30]Sameer, H., Weber, V., Mostert, C., Bringezu, S., Fehling, E., Wetzel, A.: Environmental Assessment of
Ultra-High-Performance Concrete Using Carbon, Material, and Water Footprint, Materials, (2019) 12,
851, pp. 1-31, DOI: 10.3390/ma12060851

[31] Habert, G., Arribe, D., et al: Reducing environmental impact by increasing the strength of concrete:
quantification of the improvement to concrete bridges, Journal of Cleaner Production, 35 (2012), pp.
250-262, DOI: 10.1016/j.jclepro.2012.05.028

[32] Lounis, Z., Daigle, L.: Environmental benefits of life cycle design of concrete bridges, 3rd Internation-
al Conference on Life Cycle Management, pp. 1-6, Zurich, Switzerland, 27-29, August 2007.

PhD SECTION EXTENDED ABSTRACTS 1227
8™ International Conference on Road and Rail Infrastructure - CETRA 2024



1228 PhD SECTION EXTENDED ABSTRACTS
8™ International Conference on Road and Rail Infrastructure - CETRA 2024



