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h i g h l i g h t s

� LCA based on two service life models for chloride ingress was performed.
� A LCA based on a prescriptive approach may give misleading results.
� FA/GGBS lower the CO2 emissions by cement replacement and service life extension.
� FA and GGBS may lead to lower owner, user and societal costs for bridge edge beams.
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a b s t r a c t

In order to reach a specific service life of reinforced concrete structures a certain cover thickness is
needed. At present, this is regulated by national standards that also limit the amount and type of supple-
mentary cementitious materials in different exposure environments. The regulations do not, however,
consider the actual durability performance of concrete with supplementary cementitious materials. As
a consequence, the LCA results might be misleading. This paper shows the environmental impact of con-
crete with supplementary cementitious materials in chloride environment considering their specific per-
formances. Prescriptive and performance based service life prediction models for chloride ingress are
applied and compared.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

There is a need to reduce the climate impact of the built envi-
ronment today and work towards a sustainable development.
Alongside international and national regulations on target environ-
mental improvements, the Swedish Transport Administration
(STA) has set a vision to reduce the climate impact of infrastruc-
tures by 15% until 2020, 30% until 2025 and zero emissions by
2050, compared to levels from 2015. To reach this vision STA has
since 2016 set a demand that all infrastructure projects with an
investment cost above 50 million SEK (approximately 5 million
euros) have to declare their climate impact [1]. And since concrete

is the most common material used for construction of bridges in
Sweden, optimisation of concrete will have a big role in reducing
the environmental impact [2].

One way to reduce the environmental impact of concrete struc-
tures is to increase resource efficiency. Ordinary Portland cement
(OPC) is the major contributor to the environmental impact of con-
crete and a decrease can be achieved by minimizing the proportion
of OPC through the use of supplementary cementitious materials
(SCM) from industrial by-products. Another climate gas reducing
action is to make the construction more durable with a longer ser-
vice life and less maintenance.

Chloride induced steel corrosion is one of the main durability
problems of reinforced concrete (RC) structures in the world [3].
Due to the cold climate, the long costal line and the use of de-icing
salts, frost- and chloride attacks are the most common durability
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problems of RC structures in Sweden [4]. At present, the durability
and service life of RC structures are mainly based on regulations
which besides aminimumcover thickness also limit the use of SCMs
in different exposure environments. Recent studies show, however,
that this minimum cover thickness does not match reality and that
SCMs should be taken into consideration as well [5].

The aim of this study is to evaluate the global warming poten-
tial (GWP) of RC structures considering the durability performance
of SCMs according to new research. Five concrete mixes with dif-
ferent amounts of SCMs are applied in two cases, a bridge edge
beam and a bridge pier, that are exposed to chloride environments.
Life cycle assessment (LCA) is applied to evaluate the effect of the
SCMs on service life and climate impact. Repair and replacement
strategies that are used consider chloride induced corrosion as
the only deterioration mechanism.

2. Sustainability of swedish concrete bridges

A study of 1170 bridges demolished between year 1990 and
2005 in Sweden showed that the majority of bridges were demol-
ished between 30 and 79 year of age (85%) with a peak between 50
and 69 years (54%). The slab frame bridge, which is the most com-
mon type in Sweden, had an average age of 48 years. The main rea-
sons for demolition were deterioration and low load-carrying
capacity (72%) and rerouting (28%). It should be noted that the real
service life for modern bridges will not be known until many years
from now [6]. Throughout the years, a decrease in the water-
cement ratio and an increase in the use of admixtures and SCMs
are strongly linked to the durability [7,4].

Regarding life cycle costs (LCC) and maintenance, the bridge
edge beam is of particular interest. A study by Racutanu showed
that the edge beam system is one of the bridge parts that gets dam-
aged the most and stands for 33% of all damages noted in a large
sample of Swedish concrete bridges [4]. According to a study by
Mattson the average age before replacing an edge beam is 45 years
[6]. Also, based on historical statistics and personal communication
with experts in this field, the life cyclemeasures (LCM) applied to an
edge beam are: repair every 20 years, replacement every 60 years
and impregnation every 20 years [8]. According to Veganzones
et al. [9] bridge edge beams have high LCM costs and due to due
to the traffic disturbance when repairing or replacing an edge beam
therewill also be user costs and societal costs.With this background
the authors investigated the life cycle cost (LCC) of different bridge
edge beam solutions regarding owner costs and user costs. They
concluded that Life-cycle cost analysis (LCCA) is a tool for develop-
ment of edge beam solutions and to evaluate different design alter-
natives. They also concluded that a low interest rate encourages an
investment in better quality solutions that lowers the LCM costs.
This is the case for stainless steel, where the investment costs were
higher but the LCM and user costs were lower resulting in an overall
lower LCC compared to an edge beam with regular steel. A similar
LCC study was performed by During and Malaga [10] that consid-
ered the effect of low maintenance and hence low traffic distur-
bance. They showed that water-repellent impregnation of an edge
beam can lower the user and societal costs and therefore the total
costs considerably compared to replacement.

Several studies on LCA of bridges highlighted the importance of
LCMs on the total environmental impact [11–14]. Durable materi-
als and an effective LCM schedule may prolong the technical ser-
vice life and thereby the environmental impact.

Müller et al. [15] suggest that the sustainability potential of a
structure should be defined as the relationship between the life-
time performance and the environmental impact. According to this
definition there are three approaches to enhance the sustainabil-
ity: 1) lowering the environmental impact of the composition of

concrete; 2) improving the concrete performance, i.e. reduction
of cross-section of members through high load bearing capacity
and 3) by optimizing the lifetime of the material and structure.
Another study that considers the durability in LCA is Petcherdchoo
[16] that investigated the effect of repairing concrete cover with fly
ash (FA) concrete with regards to chloride ingress, service life and
environmental impact. The author concluded that using FA in con-
crete repair in chloride environment lowers the climate impact not
only due to lower clinker content but also because of the longer
period between repairs.

Although researches have shown the link between environmen-
tal impact and durability there is still a lack of LCA studies that
include the actual service life of structures with different concrete
mixes.

3. Chloride ingress in concrete with SCM

The durability of steel reinforced concrete depends on the envi-
ronmental exposures, the self-ageing of the concrete and the steel
quality [17,18]. The steel reinforcement is protected from corro-
sion by a passivating film that is created due to the high alkalinity
of the pore solution. As long as the pH is maintained high, the steel
is protected against corrosion but as concrete is carbonated the pH
in the pore solution drops, activating the corrosion process. How-
ever, carbonation is not the only corrosion inducing process. When
chlorides penetrate the concrete and reach a certain concentration
level, a so-called threshold value, an electrochemical process starts
the corrosion of steel reinforcement, without the pH having to drop
to a certain level. Chloride ions in the electrolyte can penetrate
through the passive film to the metal surface due to the high
potential difference across the film [19]. Other mechanisms for
chloride ions to reach the steel surface are film breaking due to dis-
continuities in the film and adsorption of ions to the film leading to
progressive thinning. It is the free chloride ions in the pore solution
that react with the steel. It is, however, difficult to measure only
the free ions and a total chloride content is therefore used when
defining the chloride threshold value. The chloride threshold value
includes, besides free chloride ions in the pore solution, chlorides
which are bound chemically to the aluminate phase in the cement
[20], and physically bound chlorides in the pore walls [21]. When
incorporating SCMs in the concrete mix the material properties
will change. Early studies have shown that adding fly ash or
ground-granulated blast furnace slag (GGBS) to concrete will
increase the risk of corrosion due to the lower alkalinity in the pore
solution [22,23]. However, more recent studies have shown that fly
ash and GGBS contain a higher amount of alumina which increases
the chemical binding of chlorides [24,20], thus resulting in a higher
chloride threshold value. Also, a denser microstructure has been
observed in fly ash and GGBS concrete which lowers the chloride
diffusion through the concrete [25]. The literature study of Shi
et al. [26] showed that concrete with SCMs has an overall positive
effect on the durability regarding chloride induced corrosion.

4. Service life prediction models

Durability means that the material is maintaining its technical
performance under the designed service life. In ISO 16204:2012
‘‘Durability - Service life design of concrete structures” [17] the
design service life is defined by a definition of a relevant limit state,
a number of years which the structure lasts, and a level of reliabil-
ity for not passing the limit state. The design service life shall have
an anticipated maintenance, but without a major repair being nec-
essary. To verify the design service life ISO 16204 defines 4 meth-
ods with different levels of sophistication: full probabilistic, also
called the DuraCrete model in Fib bulletin 34 – Model Code for
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